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Abstract
This thesis is a study of material blends involving organic semiconductors and their applica-
tion to opto-electronic devices, particularly photovoltaic diodes. Its principal aim is to examine
the microstructure of the blend, where microstructure is defined as molecular ordering and
spatial arrangement on the nanometer to micrometer scale. In general, each chapter of the
thesis presents a novel means by which to influence the microstructure of organic semiconductor
blends. These techniques are used as a means to understand how the photophysics of opto-
electronic devices is influenced by microstructure. We establish some general principles of how
microstructure relates to device performance and also find high performance in some entirely
novel device structures and architectures. It is hoped that understanding developed here will
lead to improvements in the performance of organic photovoltaic devices.
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Chapter 1
Introduction
Since semiconducting material has formed the basis of so much of technological innovation over
recent decades, it is perhaps surprising that the variety of materials known to exhibit this phe-
nomenon is limited. Conjugated molecules represent an almost infinite class of semiconductors
and have the potential to create a paradigm shift in the electronics industry. Their attributes of
solution processability and chemically tunable band-gap present opportunities to manufacture
existing devices at significantly lower cost and to develop entirely new functionalities [1].
Since the first demonstration of electroluminescence (EL) in polymer light emitting diodes
(PLEDs) [2] we have seen a surge of research both in the academic sector and within industrial
organisations. Conjugated polymers have now been used in a wide range of applications. These
include PLEDs for displays, white PLEDs for lighting, organic field-effect transistors, optically
pumped lasers, solar cells and photo-detectors [1, 3–7]. Furthermore, the ability to fabricate
large area devices and to use flexible substrates has been demonstrated [8–10].
At this point however, commercial deployment has been limited. The vision of high volume
roll-to-roll processing has not yet been achieved and consequently the ultimate low-cost potential
of conjugated polymers is still to be proven.
From the inception of any laboratory-based prototype, time is required for the design of
commercially viable products and the development of manufacturing processes. However, several
fundamental issues are currently delaying progress in many conjugated polymer applications and
negating their inherent advantage over competing materials.
Organic molecules are prone to chemical degradation in the presence of oxygen and water,
particularly when under an electric field as is experienced during device operation. This has
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severe implications for the operational lifetime of devices based on organic semiconductors.
Progress has been made in shielding devices from degradative agents through encapsulation,
and attempts are being made to design molecules more resistant to oxidative effects. In many
cases, operational lifetimes are reaching the requirements of industry standards and many are
optimistic that further improvements can be made [11].
Further to the issue of degradation is the issue of microstructure. In general, organic semi-
conductors form weakly bonded, disordered solids. They form complex structures on different
scales and their conformation is influenced by external factors such as the solvent environment
and temperature changes. Learning to control and manage these properties, both during device
operation and film during deposition, is central to developing conjugated polymers for commer-
cial applications. The issue of microstructure becomes yet more complicated when conjugated
polymers are used in blends with other organic semiconducting or non-semiconducting species,
as is the case in many novel device structures.
This investigation seeks to highlight the link between photo-physical effects in organic semi-
conductors and theories describing the materials science of soft condensed matter. The theory
of polymer dynamics, for example, has been a subject of intense study since the work of Flory
in the 1950s [12] and considerable understanding of the behaviour of polymers in both solution
and condensed phases has been reached [13–15]. How polymer dynamics relates to electronic
properties in conjugated polymers however is a novel and complex field.
Whilst it is hoped that the results of this thesis may be of relevance to a wide range of
organic semiconductor applications, much of the investigation has been directed toward pho-
tovoltaic devices based on organic-semiconductor blends. This is so as to provide a focus for
the research yet also because blend microstructure is of key importance to the performance of
organic photovoltaic devices (OPVs).
In general, the capture of solar energy via photovoltaic devices is a very promising form
of renewable energy. Solar energy is advantageous for several reasons. Importantly, it has
the potential for almost unlimited up-scaling of installed power, due to an abundance of solar
radiation even at higher latitude regions such as the UK. Solar energy generation can also be
installed locally to where it is consumed, thus reducing the need for energy transport over long
distances. Although the first solar cell based on crystalline silicon was developed in 1954 [16],
their implementation as a means for terrestrial energy generation has so far been limited. The
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dominant barrier to market entry for this technology has predominantly been one of cost. Almost
all commercially available solar cells today use crystalline silicon as the active material, some
88% of production in 2007 [17]. Although the silicon wafer production process has been refined
over several decades, the production of silicon for large-area applications remains expensive due
to the complexity and high energy cost of processing silicon wafers from raw materials (i.e.
silicon dioxide).
Solar cells that use organic semiconductors as their active component have the potential to
be manufactured at significantly lower cost given the feasibility of large-area printing of devices.
OPVs perform well in diffuse light conditions, enabling them to be used in cloudy conditions or
indoors. Initial studies have also shown that organic solar cells can have favourable temperature
coefficients [11]. Both these factors should lead to a higher energy output for a given power
conversion efficiency rating over crystalline silicon cells. Other potential advantages of OPV
over traditional crystalline silicon PV is that they can be constructed on flexible substrates and
the band-gap can be chemically tuned to match particular areas of the solar spectrum.
This project aims to examine and understand the interplay between the microstructure and
photophysics of organic semiconductor blends such that the insight gained will enable improve-
ments to be made to the overall performance of organic photovoltaic devices.
The structure of this thesis is arranged as follows. In Chapter 2, we briefly review the
basic principles of the main fields of study relevant to this work, specifically the theories of
polymer dynamics, conjugated molecules and organic semiconductor device physics. Chapter
3 is a discussion of the major experimental techniques used throughout this thesis to under-
stand microstructure, photophysics and device performance. Particular attention is given to
the techniques employed which are either novel or used in a novel application. Subsequent
chapters give results and discussion of a variety of methods used to understand, control and
manipulate microstructure in conjugated polymer blends. Chapter 4 studies the influence of an
atmosphere of solvent vapour on two different blend systems. Chapter 5 is a study of bilayer
heterojunction OPVs. Chapter 6 looks at the use of temperature-composition phase diagrams to
understand microstructure in conjugated polymer:small-molecule blends for bulk-heterojunction
photovoltaic devices. Chapter 7 addresses the performance of devices made using tri-component
blends of a conjugated polymer, fullerene and an inert polymer. Chapter 8 is a study of the
influence of mixed processing-solvents incorporating alkane-dithiols on the microstructure of
3
bulk-heterojunction organic photovoltaic devices. In Chapter 9 we offer some general conclu-
sions and propose possibilities for future work.
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Chapter 2
Concepts
2.1 Polymer Dynamics
2.1.1 Background
The term polymer, refers to a molecule consisting of a large number of repeating units (mers)
connected by covalent bonds. The most common type of polymers are organic, implying a
hydrocarbon based backbone. Organic polymers are found in innumerable situations on earth;
they occur naturally in all biological systems and are produced synthetically to serve in many
industrial applications.
The theory of polymer dynamics has a long history, pioneered by the studies of Flory in the
1950s [1] and DeGennes in the 1960s and 70s [2]. This theory attempts to describe aspects of
polymer behaviour such as rheology, phase transitions and phase separation. A large part of
this thesis is concerned with the microstructure, or ‘morphology’ of polymer films. Since the
above factors influence the final microstructure of a film it is important to understand some of
the basic principles behind polymer dynamics.
Describing a polymeric system is extremely complex and there are many ways in which
bulk solidified polymers may vary in microstructure. Most organic semiconductor based devices
employ a thin film of material (generally in the thickness range 50 - 1000 nm). There is a myriad
of inter-related factors both intrinsic to the polymer and concerning the external environment
that lead to variations in the microstructure of a polymer film. A few examples of which are
mentioned here as illustration.
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Example intrinsic factors influencing the microstructure of a polymer film:
• Side Groups. The main chain of a polymer can have different side-groups. The composi-
tion and architecture of these side-groups has a profound impact on chemical and physical
behaviour.
• Stereochemistry. If a polymer has more than one type of chemical subgroup this will
have a strong affect on chain packing. The chemical subgroups can be arranged regu-
larly where there is either a single repeating subgroup (isotactic) or multiple subgroups
regularly ordered (syndiotactic), or they can be arranged at random (atactic). Corre-
spondingly, polymers in the bulk will behave differently, for example atactic polymers can
never crystallise.
• Degree of polymerisation. The number of repeat units in a polymer chain has an effect
on the rheology, kinetics and solubility of a polymer.
• Polydispersity. This describes the broadness of the molecular weight distribution of the
polymer batch. This also has an impact on the bulk behaviour.
• Coploymerisation. Some polymers may in fact consist of more than one type of repeat
unit bound covalently, in this case they are referred to as copolymers. Block copoloymers
are polymers consisting of two sections of entirely different polymers bound covalently.
Micro-phase separation of each segment as a result of differences in interaction energies,
can lead to the formation of a variety of hierarchical structures. Statistical copolymers
consist of alternating segments of different polymers along the chain.
Example external factors influencing the microstructure of a polymer film:
• Film thickness. When confined to very thin films the dimensionality of the system is
restricted which has an impact on the conformation of polymers.
• Solvent environment. If a solvent is used to process a polymer film it will have a
huge influence on the microstructure determined by, for instance, the solvents evaporation
rate and its compatibility with the polymer. If the interaction between polymer and
solvent is favourable, the solvent is decribed as ‘good’ and the polymer chain will tend to
extend. If the solvent - polymer interaction is unfavourable, the solvent is ‘bad’ and the
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polymer chains tend to coil themselves. These differences can have a big impact on the
microstructure of the film once the solvent has evaporated.
• Thermal variations. The microstructure of a blend may be strongly affected by the
temperatures a system has been exposed to and the rate of heating or cooling, particularly
where the system has undergone a phase transition.
This thesis concerns blend systems comprising a polymer mixed with at least one other
small-molecular or polymeric component. Blend systems are significantly more complex than
pure ones since interaction between components and their phase separation impacts significantly
on film microstructure.
2.1.2 Polymer Phase Transitions
Inter-atomic forces in polymers are predominantly governed by van der Waals forces which
model interacting bodies as neutrally charged fluctuating dipole moments. The potential energy
between two bodies varies with separation r, as r−6. The interaction energy is typically small
and of the order kBT at room temperature. This is in contrast to metals and inorganic semicon-
ductors which are bound by covalent bonds which have an interaction energy much greater than
kBT . Consequently, polymers tend to form weakly bonded, disordered solids whereas inorganic
semiconductors form highly ordered, repeating structures.
As a polymeric system cools from the liquid melt it may either form structures with long-
range order (’crystalise’) or become ‘frozen’ in a disordered, amorphous state (a ’glass’). Crys-
tallisation in polymers is limited by the large size and irregularity of polymers and the weak
nature of van der Waals Bonding. Almost all polymers form a glass characterised by config-
urational disorder and entanglement of polymer chains. The transition from melt to glass is
different to a first-order crystallisation process since there is no discrete ordering event or an
associated entropic discontinuity.
Many polymers in the bulk phase are semi-crystalline, consisting of small crystalline regions
surrounded by an amorphous matrix. The formation of crystalline and positional order is in-
hibited in polymer systems because of slow kinetics. Because polymers become entangled it
takes a long time for rearrangements to occur so that even slow cooling rates may lead to glassy
structures.
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Glass Transition
The glass transition temperature, Tg is dependent on the rate of cooling. This is because of
the relaxation time associated with changes in the configuration of the atoms or molecules,
τconfig. Experimentally, it is found that τconfig diverges below a finite temperature, T0 and that
empirically, the viscosity follows a trend known as the Vogel-Fulcher law;
η = η0exp
(
B
T − T0
)
. (2.1)
As the temperature is lowered, τconfig becomes comparable to the timescale of the cooling
experiment and the system will fall out of equilibrium; re-configurations cannot take place fast
enough so the system is left with a residual entropy. Tg is the temperature at which this occurs,
and will be higher for faster rates of cooling. Figure 2.1 illustrates schematically the changes in
volume during the glass transition process.
Figure 2.1: Volume changes on cooling a bulk polymer from the melt. Glass 1 has been cooled
at a faster rate than Glass 2. The volume changes that occur on crystallisation are also shown.
Adapted from R. A. L. Jones (2002) [3].
Crystallisation
The most common unit of a polymer crystal is known as the chain-folded lamella (Figure 2.2).
The thickness, l, of these lamellae is much smaller than the average contour length of a
polymer chain. Consequently, individual chains may be involved in more than one lamella, as
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Figure 2.2: Schematic illustration of a chain-folded lamella showing the thickness, l which is
independent of molecular weight and typically of around 10nm. Adapted from R. A. L. Jones
(2002) [3].
well as in the amorphous region in between.
Although there is a favourable reduction in the free energy, ∆g on forming a lamella, they
are not equilibrium structures because of disorder at the fold surface and the interfacial energy,
σf . The ideal thermodynamic structure is reached when polymer chains are fully extended,
corresponding to l −→ ∞. This however, is in contrast with observation, where a finite l
is found. The thickness of lamellae is in fact governed by the maximum rate of growth of a
crystallite. This is defined by a compromise between two competing effects.
• For large l, the probability of a polymer chain straightening out to the required length
decreases, which slows the rate of growth. This can be described in terms of an increased
entropic barrier, ∆S to crystallisation.
• For small l, the amount of interface increases which reduces the free energy benefit, ∆g of
crystal growth. The thermodynamic driving force is then reduced.
Using thermodynamic arguments it can be shown that the thickness corresponding to maxi-
mum growth rate is strongly dependent on temperature and rate of cooling [3]. Therefore keeping
the material at the glass transition temperature can increase the average size of lamellae.
Once formed, chain-folded lamellae can be organised in larger structures known as spherulites.
These consist of sheets of lamellae emerging from a central nucleus and can grow to several
microns in size.
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2.1.3 crystallisation Kinetics
Polymers may exhibit a very large range of crystallinity (0 - 100%) depending on the conditions
under which they are solidified. The rate at which polymers crystallise has a dramatic impact
on the final microstructure. In general, nucleation of crystallites may occur homogeneously in
the bulk to form primary crystals, or heterogeneously, onto existing particles to form secondary
crystals. In most systems, heterogeneous nucleation occurs preferentially. Crystallisation rates
are most easily monitored via the reduction in volume associated with the crystallisation process
(dilatometry). Experimentally it is found that crytal growth rate, g, is governed by two factors;
(i) the formation rate of primary and secondary nuclei (i.e. nucleation rate), which increases
with supercooling below Tmelt and (ii) the mobility of polymer chains, which will decrease as
temperature approaches Tmelt. The overall crystallisation rate may be described by the following
equation,
g ∝ e
−∆G
∗
kT e
−∆Φ
kT , (2.2)
where ∆G∗ is the maximum change in free enthalpy on crystallisation and ∆Φ is the activa-
tion energy for transport of molecules across the phase boundary. This then leads to a bell curve
distribution for the crystal growth rate, with the maximum growth rate lying at a temperature
mid-way between the melting and glass transition temperatures (see Figure 2.3).
Figure 2.3: The bell-shaped crystal growth rate versus temperature curve. Adapted from F. S.
Bates (1991) [4].
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2.1.4 Polymer motion; Reptation Theory
To understand the changes to microstructure that can take place in conjugated polymer based
devices it is important to understand the motions of polymer chains at high concentrations.
At the close-packing limit, polymer chains overlap leading to a uniform density distribution
in the bulk and the screening of excluded volume effects so that chains follow ideal random walk
statistics. This means that the mean end-to-end distance of polymer chains is given by,
〈
r2
〉1/2
= aN1/2 (2.3)
where a is the segment length and N is the number of segments.
Figure 2.4: Diagram showing how the effect of point restraints can be modeled by a tube.
Crosses represent polymer chains orientated perpendicular to the page. Adapted from R. A. L.
Jones (2002) [3].
Reptation theory, developed by DeGennes [2], describes the diffusion coefficient of one chain
when it is constrained by the presence of all the other chains with which it is entangled. Since
chains cannot cross paths, the overall result of this is that each chain is constrained laterally
inside an effective tube (see Figure 2.4). Motion along this tube is termed reptation and by
assuming motion within the tube is entirely viscous, we can estimate the diffusion coefficient
from Brownian motion,
Dtube = kBTµtube =
kBTµseg
N
(2.4)
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where the tube mobility is defined in terms of the additive resistance of all chain segments,
µtube = µseg/N .
The average time taken for the chain to escape the length of the tube, Na can be identified as
the terminal time, τT ; the timescale on which the material exhibits elastic behaviour. This can
be shown to be strongly dependent on the degree of polymerisation,
τT =
(Na)2
Dtube
≈ N3 (2.5)
which agrees roughly with the experimental results of τT ≈ N
3.4. Of course this theory
has limitations such as the fact that the constraints that form the tube are themselves mobile.
Reptation theory also depends very much on the chain architecture; non-linear or branched
polymers will be expected to have much longer terminal times.
2.1.5 Polymer Blend Phase separation
Combining two polymers or a polymer and small molecule can lead to a wide range of phase
behaviours that directly influence the microstructure of a film. Polymer-polymer phase behav-
iour is controlled by monomer composition, molecular architecture, molecular size, and relative
proportions of each component. Here we briefly describe the equilibrium thermodynamics and
non-equilibrium dynamics of a binary system of linear homopolymers as a model system in or-
der to understand two important phase separation scenarios. This analysis is also applicable to
small molecules and oligomers by using a small value of N .
The energy of mixing between a particular pair of monomers can be approximated by the
temperature-dependent, Flory-Huggins segment-segment interaction parameter, χ [1, 2, 4],
χ =
1
kBT
[
εAB −
1
2
(ǫAA − ǫBB)
]
(2.6)
where ǫij represents the contact energy between the i and j segments. Positive values of χ
represent a favourable energy of mixing such that A− B segment interactions produce a lower
system energy than the sum of A−A and B −B interactions on average.
The free energy per segment ∆Gm associated with mixing random walk chains on an incom-
pressible lattice was derived independently by Flory and Huggins as follows,
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∆GM
kBT
=
φA
NA
lnφA +
1− φA
NB
ln (1− φA) + φA (1− φA)χ, (2.7)
where φ is the overall volume fraction of a component and N is the number of segments of
each homopolymer. The first two terms of the right hand side represent the entropy of mixing,
∆Sm. Since mixing increases the amount of disorder, ∆Sm also increases upon mixing of the
two components. The third term represents the enthalpy of mixing and is dependent on the
interaction parameter, χ.
Equation 2.7 allows us to model the phase behaviour of a binary system by differentiating
and solving for the criteria of equilibrium, and the limits of stability and criticality
Equilibrium:
δ∆GM (φ
′
A)
δφA
=
δ∆GM (φ
′′
A)
δφA
(2.8)
Stability:
δ2∆GM (φ
′
A)
δφ2A
= 0 (2.9)
Criticality:
δ3∆GM (φ
′
A)
δφ3A
= 0 (2.10)
where φ′A and φ
′′
A refer to two distinct solutions of φA. Figure 2.5 plots the theoretical
phase diagram for the symmetric case (NA = NB). The solid line represents the solution to
Equation 2.8 and all homogeneous mixtures lying above it will separate into two mixed phases
with compositions Φ′A and Φ
′′
A. The dashed curve represents the limit of stability (Equation 2.9).
Homogeneous mixtures lying between this and the solid curve are thermodynamically metastable
and mixtures within the dashed-curve are thermodynamically unstable. The critical point for
a particular system is given by Equation 2.10. The critical composition at which this occurs is
highly dependent on molecular weight (NA and NB) and the critical temperature is dependent
on χ, NA and NB.
This analysis has significant implications for phase separation dynamics. In the one phase
region of the diagram, a pair of homopolymers will easily form a homogeneous mixture. Once
such a mixture has been brought into the metastable phase (for example by a lowering of the
temperature), it will tend to phase separate, but must first overcome a free energy barrier in order
to nucleate a new phase. Phase separation in this region occurs via a process known as nucleation
and growth [5] whereby small droplets of a minority phase (e.g. Φ′A in Figure 2.5) develop over
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Figure 2.5: Theoretical phase diagram for a symmetric binary of two linear homopolymers.
Interaction parameter χN is inversely proportional to temperature, T . Boundaries of equilibrium
and stability are represented by the solid and dashed lines respectively. Φ′A and Φ
′′
A represent
the two phase separated compositions for an arbitrary interaction parameter. Adapted from F.
S. Bates (1991) [4].
time via diffusion from the surrounding homogeneous mixture. Once the surrounding mixture
has reached the composition of the second phase (Φ′′A), droplets will increase in size only through
coalescing with each other or through droplet ’evaporation’ (Ostwald Ripening), although this
second stage occurs slowly in polymers due to their low diffusivity and high viscosity.
If a homogeneous mixture is brought into the unstable region of the phase diagram, there is no
energy barrier to phase separation and so it occurs spontaneously throughout the mixture. This
process is known as spinodal decomposition [6] and results in a finely distributed bi-continuous
two-phase structure, that coarsens over-time driven by the minimisation of interfacial tension
through a reduction in interfacial area.
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2.2 Conjugated Molecules
2.2.1 Carbon Bonding
Conducting behaviour in carbon molecules originates in the way individual carbon atoms form
covalent bonds with each other. The orbital configuration of the six electrons in atomic carbon
is 1s22s22px2py (atomic orbitals are described here in the form, X type
y where X is quantum
number, type defines angular momentum, l, and y is the number of electrons in that orbital).
The four electrons in the outer electronic shell form four bonds via a unique hybridization process.
It is possible for s and p type orbital wavefunctions (l = 0, l = 1 respectively) to combine to
give sp hybrid orbitals as illustrated in Figure 2.6. Under sp hybridization, a carbon atom has
three possible states depending on the number of electrons that occupy hybrid orbitals:
Figure 2.6: Diagram showing hybridizatioon in carbon bonds in three possible configurations;
a) sp1, b) sp2 and c) sp3.
• sp3 hybridization - all 4 electrons are in sp hybrid orbitals. All 3 axes are involved in the
hybridization with lobes forming a tetrahedron.
• sp2 hybridization - 3 electrons in sp hybrid orbitals sit within a single plane. 1 electron
lies in the unhybridized 2pz orbital perpendicular to this plane.
• sp1 hybridization - 2 electrons in sp hybrid orbitals along a single axis. Remaining 2
electrons lie in perpendicular 2p orbitals.
Under the Linear Combination of Atomic Orbitals (LCAO) approximation, there are two
solutions for the interaction between two sp hybrid orbitals from neighbouring atoms. These
are known as the σ bonding orbital and the σ∗ anti-bonding orbital. Since σ to σ∗ transitions
are of a higher energy than the ionization potential (≈ 8eV ), σ bonds are generally strong and
lead to insulating materials.
The LCAO approximation also gives two solutions for the inter-atomic interaction of ‘out of
plane’ 2p orbitals. These are known as the π bonding orbital and the π∗ anti-bonding orbital.
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The electronic distribution of the π bond is located in two parallel planes above and below the
sigma bond as illustrated in Figure 2.7. π - bonds are therefore more spatially delocalised than
σ - bonds meaning the π to π∗ transition (≈ 2eV ) is generally of lower energy than the σ to σ∗
transition and that π-bonds are generally weaker.
Figure 2.7: Formation of π and σ bonds between two sp2 carbon atoms. This configuration is
known as a carbon-carbon double bond. Image taken from J. B. Birks 1970 [7].
A configuration consisting of one σ-bond between two atoms is known as a single carbon-
carbon bond. A configuration consisting of a one σ and one π bond is known as carbon-carbon
double bond. This situation is represented in Figure 2.7. A third configuration exists, consisting
of two π-bonds and one σ-bond which is referred to as a carbon-carbon triple bond.
Conjugated molecules are characterised by systems of alternating single and double (and/or
single and triple) bonds. This means that for each carbon atom, two sp hybrid electrons are
involved in σ bonding, one 2p electron is involved in π bonding and the other electron forms a
bond with a hydrogen atom or side group. For such a system, as the number of inter-atomic
bonds increases, the π-bonding electron wavefunctions delocalise over the molecule forming a
cloud that sits above and below the localised and rigid σ-bonds.
The electronic structure of organic semiconductors can be described by the molecular orbital
(MO) model. Here, the available energy levels (orbitals) are treated as a single system. The
groundstate is defined as the situation where all π states are filled which in turn defines the
Highest Occupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital
(LUMO) as the level directly above it (see Figure 2.8). The levels below the HOMO and those
above the LUMO correspond to π and π∗ orbitals respectively.
It is the ability for electrons to be promoted from the π to π∗ orbital that results in the
semiconductive properties of conjugated molecules. By analogy with conventional inorganic
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semiconductors the π orbital can be considered as the valence band and the π∗ orbital as the
conduction band with the energy difference between the HOMO and LUMO representing the
band gap, Eg.
In theory, Eg will tend to zero as the number of bonds, N increases according to, Eg =
E0+C/N where C is a constant (see Figure 2.8). This should lead to metallic behaviour but in
conjugated molecules, this case is not observed. The reason for this is attributed to distortions in
the geometry of the molecule. These prevent π orbital delocalisation across the entire molecule,
coupling the states to the lattice. In small conjugated molecules states can be localised over the
extent of the molecule, or chromophore, and in the case of polymers over around 5 to 15 repeat
units. This maintains the energy gap, Eg to between 1.5 and 3 eV, roughly corresponding to
the visible region of the electromagnetic spectrum.
Figure 2.8: Schematic representation of energy levels in the π and π∗ orbitals as the number of
repeat units, N, increases. The diagram assumes there are no distortions in the geometry of the
molecule.
2.2.2 Excited States
Excited states of conjugated polymers occur when one or more electrons are raised from the
HOMO level to the LUMO level leaving a positively charged hole in the HOMO level. This can
occur through optical excitation, when a photon with energy greater than the HOMO-LUMO
transition is absorbed, or through electrical excitation, when an electron with energy similar to
the LUMO level is injected into the system from the cathode and an electron with energy similar
to the HOMO is removed at the anode.
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Figure 2.9: Energy level diagram for a conjugated polymer depicting exciton formation.
A consequence of the localised nature of the electronic states mentioned in Section 2.2.1, is
that the electron and hole pair remain in proximity to one another which means they experience
significant coulombic attraction. These factors mean that the electron and hole relax to form a
bound, neutral excited state known as an exciton with binding energy of the order 0.5 eV (see
Figure 2.9).
In general there are three types of exciton depending on the spatial correlation of the electron
and hole. This is defined by the exciton radius which is the average electron and hole separation.
The three exciton types are shown in Figure 2.10.
Figure 2.10: Illustration of the structure of different excitons in molecular systems. Adapted
after Ref. [8].
In inorganic semiconductors, the Mott Wannier exciton is prevalent. These excitons are
highly delocalised having an exciton radius of order 4 - 10 nm. They are generally weakly bound
(binding energy of order 0.01 eV [9]) and are typical of highly ordered systems where extended
wavefunctions are permitted. In contrast, Frenkel excitons are associated with disordered sys-
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tems and are highly localised within a single molecule and have an exciton radius of around
0.5 nm. They have a significantly higher binding energy than Mott Wannier excitons (≈ 0.3
eV [9]) which means that charge separation is harder to achieve. Frenkel excitons move through
the system via an energetic ‘hopping’ process. These issues are discussed further in Section
2.3.1. Charge Transfer (CT) excitons are a more recently discovered intermediary state where
the electron and hole are situated on neighbouring (or close by) molecules. They can act as a
mechanism for energy transfer in heterogeneous systems whereby a charge transfer exciton is
spread across two dissimilar molecules.
Since organic semiconductors are generally highly disordered systems, the predominant ex-
cited state found is the Frenkel exciton although the precise role of other states such as Charge
Transfer excitons in these systems is currently an area of investigation [10].
Two other important excited states are the Excimer and Exciplex. They are defined as
excited state complexes formed between the ground and excited states of neighbouring organic
molecules or chromophores to form a more stable, longer-lived, emissive state [11]. An Excimer
is an excited state complex between two chemically identical species, whereas an exciplex oc-
curs between units that are dissimilar. They arise when an excited species is sufficiently close
(≈ 0.3nm [12]) to another system in the groundstate that an attractive interaction occurs lead-
ing to a displacement of the two molecules/chromophores towards each other and a sharing
of the excitation. Ideally there is a cofacial alignment between the molecules/chromophores.
After electronic relaxation to the ground state, the interaction is then repulsive and the mole-
cules/chromophores move apart again. The wavefunction of the excited states incorporates both
the intra-molecular, singlet exciton wavefunction and the inter-molecular CT state wavefunc-
tions. It is this admixture that results in the attractive potential and a red-shift of the emission
relative to the singlet-state. The emission can be further red-shifted if delocalisation occurs over
greater distances than the two primary chromophores. Excimers generally have long radiative
lifetimes due to the transition being symmetry forbidden [7, 12]. Excimers will be discussed
further in Chapter 4.
An important consideration of excited species is their spin state. Due to the Pauli exclusion
principal, the groundstate (S0) will always be in the anti-symmetric spin singlet (S = 0) state.
Excited states (S1) may be either antisymmetric singlet (S = 0) or symmetric triplet (S = 1).
Since photons carry no spin, optical transitions will always be to the singlet states of the S1
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manifold. In electrical excitation, the injected electron can be of any spin state, but radiative
decay will occur largely from those with spin S = 0. Crossing between the S = 0 and S = 1
systems can occur through vibrational transitions and phosphorescence but the likelihood of
these processes is significantly less than singlet-singlet decays. This has implications for the
efficiency of electrically excited devices such as LEDs.
The predominant charged excited state species in conjugated polymers is known as a polaron.
Polarons are generally formed by the dissociation of excitons through local increases in electric
field strength or by direct charge injection. Polarons combine charge with localised distortions
in the electronic π-bonding distribution. In the presence of an electric field, polarons may move
through the material via an intermolecular hopping mechanism providing a means of charge
transport in organic semiconductors.
2.2.3 Absorption and Emission Spectra
The absorption and photoluminescence emission spectra are defined by vibronic transitions
between the groundstate, S0 and the first excited singlet state S1 as illustrated in Figure 2.11.
Vibronic transitions are associated with coupling between electronic and vibrational states.
Under the Born-Oppenheimer approximation, the total energy of a molecular state is given by
the sum of electrical and vibrational components. Vibrational states which involve double bonds
also involve π-bonding electronic clouds so are strongly coupled to the electronic states. This
results in extra energy levels displaced from the purely electronic state by the local vibrational
energy levels, ν. These vibrational states and are generally of the order ≈ 0.1 − 0.2eV (see
Figure 2.11. When a photon of energy greater the Eg is absorbed, there is a probability that an
electronic transition might be accompanied by a vibrational transition. This probability is given
by the Franck-Condon overlap factor under assumption that nuclear motions are slow compared
to electronic transitions so that nuclear positions readjust after electronic transitions rather than
during them. Therefore transitions appear vertical in the energy diagram of Figure 2.11 [8] (i.e.
no change in Q).
The intensities of vibronic transitions are determined by the overlap integral of the initial
and final state wavefunctions. The relative intensities of transitions between the S0 and S1 man-
ifolds are therefore controlled by the vibrational overlap integral and consequently the relative
equilibrium bond length of the two states. In general the bond length in the excited state is
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Figure 2.11: Diagram illustrating the formation of absorption and emission spectra. Potential
energy is plotted against nuclear coordinate, Q. Adapted after Ref. [8].
longer than in the groundstate meaning that transitions to several vibronic levels are allowed.
the 0→0 transition is generally strongest.
In emission, transitions always occur from the lowest vibronic of the excited state (ν = 0)
because of fast (t ≈ 10−12s) non-radiative relaxation or internal conversion to the lowest S = 1
vibronic state. This excited state may decay to the vibronic levels of the S0 system, generally
with a decay constant of a few nanoseconds. This results in an emission spectrum that mirrors
the absorption spectrum about the energy of the 0→0 transition [8].
The energy separation of the 0→0 transitions in the absorption and photoluminescence
spectra is known as the Stokes shift. The Stokes shift is due to relaxation of excited state electron
distribution after absorption. When an electron is promoted to the LUMO level, there is a re-
organisation of the electronic configuration, so that when a photon is emitted in luminescence,
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it is from slightly lower energy excited state configuration.
Absorption and emission peaks in conjugated molecules are generally broad due to energetic
disorder of the excited states and the variations in molecular order. Rather than a continuous
LUMO level, it is considered that there is a Gaussian distribution of localized exited states thus
excitons are expected to hop between regions until the lowest possible energy state was reached.
Transport of excitations is discussed futher in the section.
2.2.4 Energy Transfer, Charge Separation and Charge Transport
An extremely important aspect of conjugated polymer physics concerns the mechanisms by
which excited state species such as excitons and polarons move within the bulk material.
Exciton migration may occur within conjugated molecules and along the carbon backbone
in conjugated polymers via a process driven by localised variations in the excited state energy
level due to conformational variations. Energy transfer can also occur between segments in
conjugated polymers, and between molecules of different species. The most straightforward
such mechanism is radiative transfer, whereby a photon emitted in the fluorescent decay of an
exciton is re-absorbed in a nearby molecule creating another exciton. The probability of this
process will be governed by the spectral overlap integral between absorption and emission. Non-
radiative energy transfer in conjugated molecules generally occurs through a process known as
Fo¨rster energy transfer [13]. This is an electrostatic interaction between two dipole moments
and is dependent on the spectral overlap of absorption and emission transitions. Forster transfer
can occur over distances in the region 3 - 10 nm. Because of spin conservation, Fo¨rster energy
transfer applies only to transfer of singlet excitons. Fo¨rster energy transfer is also depends on
the geometric arrangement of the segments involved.
Dexter energy transfer is different energy transfer process by which an excited electron state
is directly transferred from one molecule/chromophore (the donor) to another (the acceptor).
The process requires the overlap of donor and acceptor wavefunctions, and generally occurs over
shorter distances than Forster Transfer (0.6 - 2 nm). Dexter transfer allows both singlet to
singlet and triplet to triplet energy transitions [14].
In device physics, it is also important to consider the mobility of charge carriers or polarons.
Due to their charge, the motion of polarons will be affected by an electric field. The rate limiting
step in their transport is thermally assisted tunnelling between molecules, also known as hopping.
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Transfer integrals for hopping between chains are relatively small and thus mobilities for charge
carriers are generally limited to around 10−4 or 10−3 cm2/V s [15].
2.2.5 Photo-oxidation
Organic semiconductors are sensitive to exposure to light and oxygen. This is primarily as a
result of the ensuing photo-oxidation which increases the number of trap states and disrupts
the de-localization of excited states. Reductions in absorption coefficient, photoluminescene
quantum efficiency and charge transport properties usually follow. Typically, degradation occurs
via a reaction between a conjugated group in the excited state and an oxygen atom. For example,
singlet oxygen is believed to react with the vinylene groups in poly(p-phenylene vinylene)s
(PPVs), breaking down the intermediate adduct and resulting in chain scission (see Figure
5) [16, 17]. Environmental degradation of conjugated polymers will be discussed further in
Chapter 4.
Figure 2.12: Initial reaction of a PPV polymer with singlet oxygen. Singlet oxygen adds to
the vinylene bond forming an intermediate dioxetane followed by chain scission. The aldehyde
products shown can react further with oxygen. Taken from Jorgensen et al. 2008 [16].
2.2.6 The influence of microstructure on the optoelectronic properties of
conjugated molecules
Polymer morphology has a direct impact on the photophysics of conjugated polymers. The
detailed nature of this relationship is not fully understood however, and the work of this thesis
aims to improve our insight on this issue. Here we briefly highlight some general trends in the
context of the two previous sections.
As N becomes large (as is the case for polymers) the extent of delocalisation of the π wave-
function is limited to the regions between conformational disruptions which defines a conjugation
length. In general, the more disordered a system, the shorter the conjugation length. Kinks in
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the polymer chain tend to disrupt the electronic configuration and shorten the distance over
which the excited state wavefunction is delocalised. This in general tends to increase the av-
erage excited state energy which means that a blue-shift is often observed in absorption and
luminescence spectral line when the system goes from being ordered to disordered (and vice-
versa). Because the distribution of conjugation lengths is greater in disordered materials, this
leads to a broadening effect on the absorption and luminescence spectral lines.
A consequence of variations in conjugation length is the extrinsic Stokes shift. Because of
spectral broadening in disordered films, a wide range of photon energies will be absorbed. Before
radiative decay occurs we expect excitons to migrate to the most extended chromophores as these
have the lowest energy. Therefore the difference between the 0-0 absorption and emission peaks
will tend to increase with disorder.
Crystallites, representing regions with a high degree of molecular order, consequently have
a strong impact on the photophysical behaviour of conjugated polymers causing a sharpening
and red-shift of the spectral features. This is evidenced in many systems such as in the annealed
films of poly(3-hexylthiophene) discussed in Chapter 3.
The alignment of conjugated molecules has a strong impact on the mobility of charge carriers.
When polymer chains align, charge mobility has been shown to improve by several orders of
magnitude [18, 19]. This is because greater alignment of chains leads to greater overlap of
chromophore wavefunctions which increases the hopping rate. Alignment of chains can occur as
a result of liquid crystalline ordering [18, 19], or as a result of solid crystallisation described in
Section 2.1.2 [20, 21]. However, the interface between crystallites and the amorphous matrix is
likely to be a harbour for charge traps which will reduce the overall efficiency of devices from
such materials.
Packing density increases the hopping rate and increases the probability of excited state
species associated with aggregation such as excimers and exciplexes. This also has a strong
effect on the spectral properties of the material and device performance.
There are many other issues concerning the relationship between morphology and the pho-
tophysics of conjugated polymers, in particular concerning phase separation in binary sys-
tems [22–24]. Some of these will be discussed in the following chapters.
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2.3 Organic Photovoltaics
2.3.1 Background
The basis of a photovoltaic cell is the direct conversion of solar-photons into useful electrical
energy. In general, this occurs through the generation of free charge carriers via photo-excitation
in semiconducting material and their collection at an electrode to create a useful electric current.
This process can be divided into the following key stages,
• Photon Absorption The first stage is the absorption of a photon to create an excited
state. This is dependent on the energy gap, Eg and the absorption coefficient of the
semiconducting material.
• Exciton diffusion and Charge separation In general the excited state produced is a
bound electron-hole pair with an energy barrier to dissociating into free charge carriers. In
organic solar cells, excitons are often dissociated at the interface between two materials of
different work functions. This also requires the exciton to diffuse to this inteface in order
to be dissociated.
• Charge transport and collection Once dissociated, free charge carriers must travel
through the device and be collected at the electrodes. This process is dependent on the
charge carrier mobilities for electrons and holes within the semiconducting material, and
on the selectivity of the electrodes for a particular charge carrier.
Therefore the photocurrent efficiency (the fraction of photons that lead to a charge collected
at an electrode) may be given by;
ηj = ηabs × ηdiss × ηout (2.11)
where ηabs is the fraction of photons absorbed, ηdiss is the fraction of excitons that are
dissociated and ηout is the fraction of separated charges that are collected at the electrodes.
The steps listed above are required regardless of the semiconducting material employed.
However, significant variations in electronic behaviour between materials means that there are
differences in the relative importance of each stage. In particular, organic semiconductors have
a range of unique properties that set them apart from more conventional semiconductors such as
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crystalline silicon, and which have implications for the design of organic semiconductor photo-
voltic devices (OPVs). The main distinguishing features of organic semiconductors are outlined
as follows;
• Light absorption The spectral region containing the maximum solar photon flux is be-
tween 600 and 900 nm, meaning that the optimum energy-gap of a single material would
be around 1.4 eV , so as to absorb a large proportion of incident photons but not to lose
too much of their energy as heat. The average energy-gap of currently available organic
semiconductors is slightly higher than this optimum, normally in the region ≈ 1.8 - 3 eV ,
although there are many efforts underway to synthesize materials with lower band gaps. In
contrast silicon has a band gap of 1.1 eV which is slightly lower than optimum, but means
that it can absorb over a wide spectral range. An advantage of organic semiconductors is
that they have high absorption coefficients (≥ 105cm−1), significantly greater than that of
silicon at their absorption peak. This means that much thinner films can be used, which
helps devices to be cheap and flexible.
• Exciton Binding Energy The energy required for exciton dissociation (charge separa-
tion) in silicon is around 1 meV , and so dissociation occurs spontaneously via thermal
excitation (kBT ≈ 25 meV ). The exciton binding energy in organic semiconductors is
much higher ≈ 300 meV [25, 26]. In order to overcome this, in almost all organic pho-
tovoltaic devices, charge separation occurs by donating one charge to a second material
where it occupies a lower energy state. Early devices used the interface between the or-
ganic semiconductor and the conducting metal electrode, but greater success has been
achieved with ’donor-acceptor’ (D-A) systems where a local free energy step is formed at
the interface of two semi-conductors, either organic/inorganic or organic/organic. Charge
separation then occurs as an electron is transferred from the light-harvesting ‘donor’ mate-
rial to the electron ’accepting’ material. This process is dependent on the (D-A) materials
having suitable energy levels so that the potential step is sufficient but not too great (see
Figure 2.14). Donor-Acceptor systems also serve a second purpose which is to prevent the
radiative decay of excited species in the light-harvesting material, this process is known as
’photoluminescence quenching.’ An important implication of this process is that once gen-
erated, an exciton must diffuse to the material interface in order to dissociate. Therefore a
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specific goal for organic photovoltaics is to minimize the distance between photo-excitation
sites and interface regions and to increase the exciton diffusion length.
• Charge Mobility The localized nature of excited states in organic semiconductors means
that transport of charges occurs via thermally activated hopping, a much slower process
that the ’drift’ of charge carriers in the de-localized conduction band of silicon. As a result
charge carrier mobilities for organic semiconductors are in the range 10−7 - 101cm2/V s
compared to 10cm2/V s for amorphous silicon and 105cm2/V s for crystalline silicon [27].
There are several models of charge transport in organic semiconductors but a guiding
principle exists whereby electrons and holes ’hop’ through a Gaussian distributed density
of states situated about the HOMO and LUMO levels respectively. States of a signifi-
cantly lower energy than surrounding ones may act as ’trap’ states, utimately leading to
recombination of charge carriers, and a reduction in device performance.
It is worthwhile to add here that low charge mobility in itself is not a major problem for
photovoltaic devices (compared to, for example, transistor applications where fast response
times are needed). What is important is that free charge carriers are able to reach the
electrode, and the time they take is less relevant. Free charge carriers are at a risk of
recombining and being lost however, and higher mobilities may reduce this risk, leading
to a more efficient device. OPVs are therefore required to be thin, so that the distance
charge carriers are required to travel is minimized. This is permitted however by their
high absorption coefficients. Acceptor and donor materials are likely to have much higher
mobilities for electrons and holes respectively which means it is important for charge
carriers to move through their favoured material so as to avoid recomination. Another
important factor is that the electron and hole mobilities in OPVs are balanced in order
to prevent the build up of space charge. This disrupts the internal electric field across the
device and reduces photocurrent.
Charge mobility in organic semiconductors is dependent on several factors. Firstly, ac-
cording to Poole-Frenkel behaviour, mobility is expected to increase with electric field. In
addition, mobility in organic semiconductors is affected by microstructure, for example, it
has been shown that the absorption coefficient and charge mobility in crystalline domains
of some conjugated polymers such as P3HT are greater than in amorphous domains [20,21]
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however this effect is not universal for all conjugated polymers [28].
• Environmental Degradation As discussed in Section 2.2.5, organic semiconductors are
prone to photo-oxidation in the presence of oxygen [29]. In OPVs this will have a negative
impact on light harvesting and charge transport, and is an often cited drawback of such
devices. In order to overcome this issues, a variety of encapsulation techniques have been
employed. Encapsulation in an inert polymer resin or using a glass sheet is common [29,30].
This technique has shown considerable success.
Other degradative effects might come from loss of conductivity in electrodes, for example
PEDOT:PSS, a common organic conductor which is prone to oxidation. In addition,
changes in the external environment may impact on the microstructure of an organic
device and disrupt performance.
There are many research efforts to understand and overcome these degradation effects. It
remains to be seen whether or not the lifetime of solar cells based on organic materials will
match those based on silicon which may last up to 20-25 years however, by achieving low
cost production and identifying suitable applications, there may well be a large market for
organic solar cells with significantly reduced lifetimes.
2.3.2 Types of Organic Photovoltaic Devices
The first attempts to incorporate organic semiconductors into photovoltaic devices were made
in the nineteen seventies [31, 32] and since then a variety of device structures and designs have
been invented to minimize losses at each of the key stages and optimize performance according
to the properties of organic semiconductors mentioned above.
The function of a crystalline silicon solar cell is based on the junction between electron
rich (n-type) and electron deficient (p-type) regions of semiconductor materials (called a p-n
junction). This creates a region of depleted charge carriers as electrons flow to balance the fermi
level across the junction. The resultant potential field is adequate to overcome the low exciton
binding energy in silicon (this is a very efficient process in general not given great consideration).
Photo-excitation occurs in the p-type region and the electrons promoted to the conduction band
drift into the n-type region under internal electric fields. The power conversion efficiency (the
proportion of incident solar energy converted to electrical energy) for silicon solar cells has
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reached 25% and typical devices used in terrestrial application are in the region of 15% to 20%
efficient.
While doping of organic semiconductors is possible [33–35], in general a combination of
two different species is used to dissociate excitons generated in conjugated molecules. Here we
briefly describe some of the most successful categories of photovoltaic device that employ organic
semiconductors;
• Dye sensitized solar cells. Invented in 1991 by Brian O’Reagan and Michael Gra¨tzel
[36], dye-sensitized solar cells employ a conjugated small molecule (the dye) such as
ruthenium-polypyridine for light absorption and exciton generation. The dye is coated
onto nanospheres of a semiconductor, generally titanium dioxide (TiO2), and charge sep-
aration occurs at the interface. Electrons are extracted through the conduction band of
the TiO2 to a transparent electrode and electrons are injected (holes removed) via a liquid
ionic conductor. Dye sensitized solar cells can be highly efficient (10 - 11%) and of all
organic photovoltaic devices they at present by far the most commercially developed.
• Hybrid conjugated polymer/inorganic nano-particle devices As in dye sensitized solar cells,
these devices use a conjugated organic material as a light-harvesting electron donor and an
inorganic semiconducting nano-particle as electron acceptor. The difference is that here the
conjugated polymer (generally solution processed) is expected to act as hole transporter,
as well as a light harvesting material. The aim is to create a solid-state device that does
not rely on a liquid electrolyte, however power conversion efficiencies have so far been low
(< 1.5% [37]) .
• Organic-organic, Donor-Acceptor systems These devices rely on organic semiconductors
for both electron donating and electron accepting materials deposited in a solid film. De-
vices based on small organic molecules have reached power conversion efficiencies of up to
5.0% [38] in a single, planar-mixed heterojunction while those based on solution processed
conjugated polymers have reached close to 5% [39–42] for single bulk heterojunctions (see
next section). This is in contrast with a maximum recorded efficiency of around 1% in 2000
which shows that significant progress has been made in this field over recent years [32].
This thesis concentrates primarily on the latter category of organic-organic, donor-acceptor
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based devices. For this type of device two alternative structures have emerged which shall be
discussed in the following section.
2.3.3 Organic-Organic Photovoltaic Device Structures and Materials
A critical aspect of organic-organic photovoltaic devices, and one which is a focus of this thesis,
is the dependence of performance on the microstructure of the donor-acceptor materials (D-A)
in the active layer film. The ideal microstructure would meet the following criteria, (i) Large
D-A interfacial area for exciton dissociation to minimize the distance between exciton generation
and dissociation (ii) Uninterupted pathways for charge carriers to reach the ’correct’ electrode
through their ’favoured’ transport material after dissociation. On this basis, organic devices fall
into two main categories; the planar-heterojunction (or ’bilayer’) and the bulk-heterojunction.
In bilayer heterojunction devices (Figure 2.13 a)) the donor and acceptor materials are
stacked with a planar interface [38, 43, 44]. Excitons generated in the donor material diffuse to
the interface where charge separation occurs. Positive polarons (electrons) then travel within
the acceptor material towards the anode and negative polarons (holes) travel within the donor
material towards the cathode. The disadvantage of this approach is that the effective absorption
region is limited to the volume of donor material within an exciton diffusion length from the
D-A interface [45–47]. The advantage of this method is that once dissociated, the charges are
spatially separated and have a clear path to transport to the correct electrode through their
favoured material.
Deposition of planar heterojunctions via solution processing is not trivial since it is rare
to find solvents that are entirely differential (i.e. good for only one of the active materials)
for two desirable active materials. Often, planar heterojunctions have been deposited using
thermal evaporation using small molecular species such as copper phthalocyanine (CuPc) and
Buckminsterfullerene (C60) [43, 44, 48]. More recently, solid transfer schemes are starting to be
developed [49,50] which will be discussed further in Chapter 5.
In bulk heterojunction devices, donor and acceptor materials are deposited from a mixed
solution as a single layer finely mixed structure [51] (see Figure 2.13 (b)). The principle behind
this approach is to maximise the interfacial area between donor and acceptor materials so that
the average distance between exciton creation and dissociation is reduced. Once separated,
charges have to travel through the network within their ‘corresponding’ material to reach the
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Figure 2.13: Schematic illustration of donor-acceptor device structures. a) depicts a planar
PCBM/P3HT heterojunction and b) depicts an interpenetrating bulk-heterojunction. (c) an
idealised structure
‘correct’ electrode. Because the materials are intermixed, the probability of recombination is
high. Also the probability of charges being collected at the ‘wrong’ electrode is increased and
can lead to larger dark currents (see Section 2.3.6). There are a wide range of donor and
acceptor materials that have been studied for bulk-heterojunction systems and it would not be
profitable to discuss all of them here. It is sufficient to say that to date, the most successful bulk-
heterojunction OPVs have used a hole-conducting (electron-donating) conjugated polymer such
as poly(3-hexylthiophene) (P3HT), blended with an electron-conducting (electron-accepting)
small-molecular, soluble derivative of buckminsterfullerene (C60) such as [6,6]-phenyl C61-butyric
acid methyl ester (PCBM) [52–55]. In 1992, Sariciftci et al. showed that charge transfer from a
conjugated polymer to a fullerene molecule was ultrafast [56]. Since then, this process has been
shown to be highly efficient and has to date contributed to some of the highest power conversion
efficiency bulk heterojunction organic solar cells [57,58]. The energy levels of P3HT and PCBM
are shown in Figure 2.14. A variety of materials are examined in this thesis but particular
attention is paid to P3HT and PCBM because (i) they lead to high photovoltaic performance
and (ii) they have been the subject of intense study, enabling comparison to the research of
others, akin to the use of reference species in biology such as the ‘fruit-fly.’
Evidently, the microstructure within a bulk-heterojunction is very important. For example,
charge transport will be improved in the instance where the D-A materials form a continuous
double-percolating network and hindered where the D-A materials form unconnected islands.
In principle, the optimum device structure would therefore be one that is intermediate between
planar and bulk-heterojunction structures as illustrated in Figure 2.13c. Performance enhance-
ment may also come from changes in the electronic properties of materials resulting from their
molecular ordering. The study of these effects makes up a large portion of this thesis.
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Figure 2.14: Energy level diagram for the material components in a typical P3HT:PCBM solar
cell (energies given are in eV).
2.3.4 Bulk-heterojunction microstructure
As mentioned above, the microstructure (sometimes referred to as ’morphology’) of bulk-heterojunction
devices is critical for performance, something which has been shown in numerous research pa-
pers [57, 59–63].
Microstructure, for example, has been studied by examining the use of different solvents for
spin coating blend films. Shaheen et al [64] showed that the use of toluene to dissolve mixtures
of poly[2-methoxy, 5-(3’,7’-dimethyl-octyloxy)]-p-phenylene vinylene (MDMO-PPV) and PCBM
leads to larger grain sizes (200 - 500nm) than chloroform (50 nm grain size) and that the smaller
grain sizes lead to higher photo currents. Therefore the grain size in toluene is apparently too
large for efficient dissociation of excitons. Other studies have looked at the effects of different
solvents [65], solvent evaporation times [39,66,67] and various annealing processes after the film
has been deposited [40,60,62,68].
Perhaps most striking is the effect of thermal annealing on the performance of P3HT:PCBM
solar cells. This has been shown to lead to significant enhancement of device performance [40,41,
60,62]. The underlying mechanism behind this has not yet been fully understood although there
are several possible causes. There is strong evidence from studies of absorption, atomic force
microscopy (AFM), optical microscopy and X-Ray diffraction that annealing above the glass
transition for P3HT leads to growth of the phase separated domains of PCBM and crystallisation
of P3HT [69]. As discussed in Section 2.2.6, crystallinity leads to narrower absorption linewidths,
higher overall absorption coefficients and improved charge carrier mobility. Because aggregates
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of PCBM grow significantly during annealing there is also an impact on the interfacial area
and the degree of interpenetration of the D-A materials. Both these factors could possibly lead
to device improvement upon annealing due to enhanced light harvesting and charge transport.
However, the observed device improvement arises in part due to a significant reduction in the
dark current and it is not readily apparent how either enhanced crystallisation or aggregation
could alone lead to reduced dark current. This suggests that some additional processes are
occurring which may help to block the collection of ‘wrong’ charges [70] which shall be discussed
in Chapter 4.
2.3.5 Electrodes in organic-organic devices
Here we briefly discuss the importance of the electrodes in all-organic photovoltaic devices. Key
electrode requirements are; high conductivity, charge-carrier selectivity, stability, good contact
with active materials, ease of deposition and, for at least one electrode, transparency.
It is critical that the work-function of anode and cathode closely match the HOMO level of
the donor and LUMO level of the acceptor materials respectively. This is important for efficient
charge transfer and because the difference in electrode work functions provides the selective
driving force for dissociated charge carriers to travel to the correct electrodes. A combination
of two materials at an electrode is sometimes used so as to combine high conductivity and
robustness of one material with the optimized work function of another. In the case of the anode
for organic semiconductors, it is common to use a transparent conductive oxide such as Indium-
Tin-Oxide (ITO) coated with a thin layer of solution deposited Poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate), or PEDOT:PSS (see Figure 2.14). In the case of the cathode, thermally
evaporated aluminium is commonly used with a layer of another low work-function metal such
as calcium for devices based on P3HT and PCBM.
Optimisation of electrode materials is a subject of intensive investigation but one that is
not directly covered in this thesis. More information on electrode function will be given where
necessary.
2.3.6 Performance Characterisation
The performance of a photodiode can be characterised by measuring its output current at
different voltages (an ‘I - V characteristic’) when it is both illuminated and in the dark. An
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example IV curve for a solar cell is shown in Figure 2.15 illustrating several key conditions.
Figure 2.15: Example current-voltage curve for a solar cell (not based on real data) under a),
illumination and , b), in the dark. The short-circuit current and open circuit voltage are labeled.
When there is no applied voltage the built-in electric field from the different work functions
of the two contacts is distributed across the device. When an ideal device is not illuminated,
there should be no current flowing through the device, though in practice there will be a small
current, known as the dark current, I0. When illuminated, separated charges flow due to the
difference in work functions, and the net current at zero bias is known as the short-circuit current
(ISC).
The open circuit voltage, VOC is related to the applied forward bias that balances the built-in
electric field under illumination. In an ideal device the built in voltage is equal to the difference
in the electrode work functions. As there is no net field across the device there should be no
current flow under illumination at V = VOC .
Where the applied voltage lies between 0 and VOC the device generates power under illumi-
nation. The maximum power is given by the maximum value of the product between applied
voltage and current; Pmax = VMP × IMP . The overall power conversion efficiency (ηpower) is
given by the ratio of the maximum power output to the incident light power PIN ,
ηpower =
Pmax
PIN
=
FF × ISC × VOC
PIN
(2.12)
where FF is the fill factor which defines IMP and VMP in terms of the the product of the
open circuit voltage and the short-circuit current, FF = (VMP IMP )/(VOCISC).
The characteristics of a photodiode can be described in terms of an equivalent circuit that
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Figure 2.16: Equivalent circuit for a photo-diode. RS is the series resistance, RSH is the shunt
resistance, V is the applied voltage and Iph is the photocurrent .
identifies the overall series and shunt resistances (see Figure 2.16). The current corresponding
to this circuit is given by [32],
I = I0
(
e(
e
nkT
(V−IRS)) − 1
)
+
V − IRS
Rsh
− Iph, (2.13)
where T is the temperature, k is boltzman’s constant, n is the charge carrier density and e
is the electronic charge.
From Equation 2.12 it is clear that large values for FF lead to higher power conversion
efficiencies. In order to achieve a high fill factor, a high shunt resistance is required to reduce
the dark current and a low series resistance is required to maximise the photocurrent. The
effect of shunt resistances can be seen in the ‘I - V’ characteristic as a positive gradient close to
short circuit. Series resistances result in a reduction in diode behaviour indicated by a less than
exponential increase in current as forward bias increases. The physical origin of shunt and series
resistances is a subject of investigation and depends on the type of device in question. In OPVs,
a reduced shunt resistance may be caused by shorts when one material is in contact with both
electrodes. Causes of series resistance include low charge-carrier mobilities, low conductivity in
electrodes and resistances at the contacts. As we shall see, in bulk-heterojunction devices the
local morphology of the system has a strong impact on these properties.
Another measurement that can be used to characterise the performance of a solar cell is
the external quantum efficiency (EQE). EQE is defined as the photocurrent electron flux (fe)
divided by the photon flux incident on the device in a certain wavelength band (fλ). Since
fe = JSC/e at short circuit, and fλ = PIN (λ)/Eph(λ) where PIN (λ) is the total incident power
per unit area and Eph(λ) is the photon energy hc/λ, EQE may be expressed as,
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EQE(λ) =
fe
fλ
=
JSChc
PIN (λ)eλ
. (2.14)
This measurement is used to monitor the performance of the device over a range of spectral
regions. Performing EQE measurements is discussed further in Chapter 3.
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Chapter 3
Experimental Methods
In this chapter, we discuss some of the experimental methods used in my thesis. Whilst a
large number of measurement types have been used at various points, those described here are
considered particularly relevant, being either novel techniques or where understanding of the
underlying physics of the technique is important to the interpretation of results.
3.1 Spectroscopy
Measurement of the wavelength-dependent absorption coefficient and photoluminescence inten-
sity of a conjugated material constitutes one of the most valuable experimental techniques of
this thesis. As discussed in Chapter 1, many things can be inferred from the features of these
spectra such as peak position, intensity and line-width.
3.1.1 Absorption
The absorption coefficient of a material can be defined by the Beer-Lambert equation;
T = 1−A =
IOUT
IIN
= e−αt, (3.1)
where T and A are the Transmission and Absorption fractions. Throughout this thesis
absorbance is measured using an absorption spectrometer manufactured by JASCO, capable of
measuring in the UV and visible range, (250 - 900nm). This uses a silicon photodiode to detect
the intensity of light from a Xenon lamp as it passes through a sample. A monochromator is
used to scan through the wavelength range. Before each measurement, a baseline is recorded to
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measure the spectrum produced by the lamp and the absorption of a bare substrate or empty
vessel as reference. The JASCO spectrometer also has a dual beam function to measure a
reference beam during a measurement. Wherever possible, substrates and containing vessels
with minimal absorption are used. For this purpose, quartz ‘Spectrosil B’ substrates (Kaypul
Optics Ltd.) are used.
3.1.2 Photoluminescence
Three detector types were employed to measure the photoluminescence spectra of conjugated
materials. Firstly, a ‘Fluoromax’ fluorescence-spectrometer (spectrofluorimeter) manufactured
by Jobin-Yvon was used which incorporates a Xenon lamp as an excitation source in conjunc-
tion with a monochromator. The excitation light is directed onto a sample and the emitted
light is detected using a second monochromator and a photomultiplier tube. This machine is
capable of measuring in the wavelength range 250 - 900 nm. In order to measure at longer,
infra-red wavelengths, a liquid-nitrogen cooled, Germanium based photo-detector was used. In
this instance the excitation source used was a Helium-Neon, continuous-wave laser. The third
detector type employed was charge-coupled device (CCD) spectrometer. Such a detector uses a
prism to refract incoming light. An array of silicon-photodiodes are placed behind the prism so
that different wavelength bands may be recorded simultaneously and independently according
to the angle through which the light has been refracted. This type of detector is particularly
useful for ’in-situ’ PL measurements since a fibre-optic cable may be used to collect light into the
detector allowing incorporation into more complex experimental set-ups. A CCD spectrometer
is also beneficial because it can measure all wavelengths simultaneously, meaning that measure-
ment time is greatly reduced compared to a monochromator-based detector. This means a CCD
spectrometer is much more suitable for time-resolved measurements.
3.2 Ellipsometry
3.2.1 Theory
Ellipsometry determines the properties of a thin film by measuring changes in the polarization
state of light reflected from its surface. The concept of ellipsometry has existed since the early
1900s but it’s use as an analytical tool did not become widespread until the 1970’s. Because it
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requires only a low power light source, ellipsometry is very useful for in situ measurements.
Figure 3.1: Diagram showing the principle of ellipsometry. Elliptically polarized is reflected
from a surface and the change in polarization state is measured.
In general, the electric field strength of an electromagnetic wave can be represented by a
vector,
E = E0cos (qz − ωt+ δ) , (3.2)
where q is the wavenumber, ω is the angular frequency and δ the phase. This can then be
represented by the superposition of two orthogonal components orientated perpendicular to the
direction of propagation,
Ep = E0pcos (qz − ωt+ δp) and Es = E0scos (qz − ωt+ δs) (3.3)
where the subscripts p and s refer to the directions parallel and perpendicular to the plane
of incidence. An ellipsometer produces linearly polarised light (δ = δp − δs = nπ where n is
an integer) or elliptically polarised light (δ = δp − δs = nπ/2). After reflection, the phase and
amplitude of the reflected light is altered according to the optical and geometrical properties of
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the sample. The ellipsometer records the phase difference between Ep and Es and the change
in the ratio of their amplitudes, induced by reflection from the surface (see Figure 3.1,
∆ = δrp − δrs and tan (Ψ) =
|rp|
|rs|
, (3.4)
where |rp| and |rs| are the magnitudes of the fresnel coefficients for the p and s components
of light which can be derived from Snell’s Law [1].
The ratio of complex total reflection coefficients can be expressed in terms of tan(Ψ) and ∆
as,
tan(Ψ)e(i∆) =
rp
rs
(3.5)
which is sometimes termed the fundamental equation of ellipsometry. The ratio rp/rs is
dependent on the thicknesses of the underlying layers, the angle of incidence, the wavelength
of the incident light (λ) and the complex refractive indices of all materials present, Ni. The
complex refractive index comprises the refractive index n, and the extinction coefficient k, which
respectively describe changes in phase velocity and amplitude of the electromagnetic wave as it
travels through the medium,
N = n+ ik. (3.6)
In dispersive media, n and k are dependent on λ. The damping coefficient k is related to
the absorption coefficient as, α = 4πk/λ. The dielectric function ǫ, can also be related to the
complex reflection coefficient rp/rs.
There are several types of ellipsometry depending on the desired application. In this re-
port, the type of ellipsometry performed is known as Variable Angle Spectroscopic Ellipsometry
(VASE). This measures ∆ and tan(Ψ) over a range of different wavelengths in the visible region
at different angles of incidence.
The film parameters are deduced by comparing the measured values of cos(∆) and tan(Ψ)
with an optical model. The parameter values are optimised using a regression algorithm that
minimises the mean squared error between experiment and model. As the number of (Ψ, ∆)
pairs increases, the final mean squared error can be reduced. As VASE can produce a large
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number of (Ψ, ∆) pairs from different conditions, it is very useful for studying complex and
poorly understood systems.
The reliability of the model is clearly dependent on the number of free parameters being
adjusted. In complex systems such as material blends, the number of free parameters can be
minimised by using n(λ), k(λ) values derived previously from simpler geometries. In this way
for example, the thickness of a layer of material can be identified to remakable accuracy.
3.2.2 Apparatus
The ellipsometer used throughout this work is manufactured by SOPRA. It relies on a xenon
lamp as a light source with a monochromator. Modulation of the light beam is made using
a rotating polarizer and polarization state is analyzed using a fixed analyzer. The light then
passes to a photomultiplier tube detector (see Figure 3.2).
Figure 3.2: Diagram showing the layout of the ellipsometer set-up used during this thesis.
3.3 Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) is an experimental technique widely used in materials
science and chemistry for determining the existence and nature of phase transitions in a solid
chemical sample. The basic principle is to measure the amount of heat required to raise the
temperature of a sample at a constant rate in comparison with a reference of known heat capacity.
The difference in the amount of heat required is then plotted as a function of temperature;
a DSC curve. Since a phase transition will require either more or less heat to maintain a
linear temperature gradient, phase transitions in a DSC curve appear as either a peak (for
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endothermic processes such as melting) or a trough (for exothermic processes like crystallization).
As illustration, the heating and cooling curves for P3HT are plotted in Figure 3.3. Glass
transitions may be observed as a step in the baseline of a DSC curve due to a change in the
material’s heat capacity. It is also possible to study oxidation and other chemical reactions using
DSC. Differential scanning calorimetry will be discussed further in Chapter 6.
Figure 3.3: Heating and cooling DSC curves for poly(3-hexylthiophene). Scans performed under
nitrogen at 10 oC/min. Image kindly provided by Dr Christian Mueller.
3.4 Film and Device Fabrication
Conjugated molecules are deposited in film format using a wide range of methods. An advantage
of many organic semiconductors is their solubility, allowing for solution processing, and this
thesis exclusively studies soluble materials. Here we describe briefly the main steps involved
in film and device preparation and some novel procedures. It should be noted that all device
and film preparation was performed in a clean room environment apart from metal electrode
deposition and sample storage which was done in a dry nitrogen atmosphere inside a glove-box.
3.4.1 Solution preparation
Solid materials were weighed in glass vials using a micro-balance. Solvent was then added to
the desired concentration using a micro-pipette. The solubility of different materials in solvents
varies, and several protocols exist for ensuring that materials are fully dissolved. Stirring using
a magnetic bar and electromagnetic plate is common. In general, application of heat (≈ 100
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oC) and manual shaking for a period of several minutes is sufficient to dissolve most materials.
It should be noted that residual particulate size, gelation and aggregation over time in solution
are all important factors in the performance of materials and are active areas of research. When
making a series of devices to compare it is important that solutions have been prepared in a
similar manner. Blend or mixed solutions can be made by either weighing each solid component
in a single vial before addition of solvent, or by mixing volumes of two pure material solutions.
3.4.2 Film Deposition
There are a variety of methods available for depositing organic semiconductors such as spin-
coating, doctor blading, ink-jet printing or gravure printing. In this thesis we have primarily
used spin-coating as it produces reliable film quality and is inexpensive, simple and fast. It
should be noted however, that spin-coating is not suitable for deposition over large areas nor for
the ‘roll-to-roll’ processing techniques often mentioned for their low cost.
Spin-coating consists of placing a substrate onto a rotating platform, fixed in position using
a vacuum. Solution is then deposited with a pipette so as to complete cover the substrate.
The substrate is then rotated at a high angular velocity, in the range 700 - 7000 rpm, so that
excess material is thrown off the substrate leaving behind a uniform film. Film thickness may
be controlled in a variety of ways;
• Film thickness is dependent on solution viscosity and consequently on the solvent and
solution concentration.
• Spin speed and acceleration. The faster the platform accelerates and spins, more solution
will be expelled from the substrate, and the thickness of the residual film will decrease.
Film uniformity is often reduced at low spin speeds since too little solution is expelled
resulting in thickness variations.
The effect of spin conditions on film thickness has been the subject of several research papers
such as Ref. [2]. During spin-coating, many other parameters may affect film microstructure
such as the solvent evaporation rate, ambient atmosphere and spin time. These issues will be
discussed in Chapter 4.
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Figure 3.4: a.) Cross section of typical photovoltaic device used in this thesis. Approximate
layer thicknesses; ITO ≈ 140nm, PEDOT:PSS ≈ 70nm, Aluminium ≈ 80nm b.) Plan view of
typical photovoltaic device showing aluminium stripes creating six devices per substrate (active
area ≈ 0.045cm2.
3.4.3 Solar Cell Preparation
In order to allow compararison of solar cells, as far as possible the same fabrication method has
been used throughout based on the the device structure shown in Figure 3.4. The main steps
in fabrication are outlined here,
• ITO substrate cleaning
Throughout this thesis we have used ITO as the conductive anode material in the form
of ITO-coated glass substrates (PsiOTc Ltd., UK, sheet resistance = 10 Ω/sq) for all
photovoltaic devices. These are cleaned via sonicating in acetone and then iso-propanol
for 10 minutes each. They are then dried with a nitrogen jet.
• PEDOT:PSS
As described in Chapter 2, PEDOT:PSS is used as a hole injection layer to bridge the work-
functions of ITO and the hole transporting donor material. It also serves the additional
function of creating a smooth surface for the active layer, compensating for the usual
surface roughness of ITO, to reduce shorting of the device. The specific PEDOT:PSS used
is Baytron P VP CH 8000 supplied by H. C Starck. It is deposited via spin-coating at
5000 rpm to produce a film thickness of roughly 70 nm. Once deposited, the PEDOT:PSS
films are baked at 140 oC in air in order to remove water from the film via evaporation.
• Active Layer Deposition
The active layers are generally spin-coated from blend solutions prepared as described
above. The film thickness used varies between 50 and 300 nm and spin speeds used vary
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between 1000 and 4000 rpm. As shall be discussed in the next chapter, the protocol used
in the preparation of active layer films has a strong impact on photophysics.
• Metal Cathode Deposition
Although, as previously mentioned, a combination of low-work function metals such as
Calcium or alkali halides such as Lithium Fluoride are sometimes used in conjunction with
Aluminium as cathode materials for OPVs, in general in this thesis we have used only
aluminium. This is in order to keep the device strucutre simple and ensure repeatability.
In all cases, aluminium is deposited using an evaporator stored under nitrogen in a glove-
box.
• Post-processing
As mentioned in Chapter 2, there exist a variety of post-processing techniques for manipu-
lating the microstructure of the active layer. These techniques are the subject of Chapter
4.
3.5 Device Characterisation
There are many characterisation tests that can be performed on solar cells but by far the most
commonly used in this thesis are IV and EQE measurements, described briefly here;
Figure 3.5: Schematic diagram of apparatus required to perform current-voltage measurements
on solar cells under illumination from simulated solar radiation or monochromated light from a
Xenon lamp.
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3.5.1 Current-Voltage Characteristics
The set-up for I-V characterisation is shown in Figure 3.5. The device is stored in a nitrogen at-
mosphere within a sealed chamber containing the electrical connections. The voltage across the
device is varied using a Keithley voltage source, and a computer is used to plot the resulting cur-
rent. IV characteristics are generally measured under illumination using a solar simulator (Oriel
Instruments). Calibration of solar simulators is an important issue for worldwide comparison of
efficiency measurements. The conventional solar simulator conditions used are those for an air
mass index of 1.5 (which accounts for absorption and scattering in the Earth’s atmosphere at
moderate latitude’s) with an intensity of 1 sun (100 mWcm−2). The solar simulator used in this
thesis is calibrated using a silicon photo-diode, pre-calibrated at NREL (National Renewable
Energy Laboratory, Colorado, USA).
3.5.2 External Quantum Efficiency
The setup for External Quantum Efficiency (EQE) measurements is also shown in Figure 3.5,
with the main difference to the I-V setup being the illumination source. A 100 W Xenon lamp
is used as a light source and is focused onto the active area of the device. A monochromator
is used to expose the device to different wavelengths sequentially and the photocurrent in the
device is recorded, usually when there is no applied voltage (at short-circuit). The incident
power per unit area at a given wavelength (PIN (λ), see Section 2.3.6) is recorded using a silicon
photodiode with a known spectral response. This measurement is used as a calibration for the
EQE as given in Section 2.3.6. The EQE is then generally plotted as a function of wavelength.
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Chapter 4
Vapour Annealing of Organic
Semiconductor Blends
4.1 Introduction
This chapter examines the use of a saturated atmosphere of solvent vapour as a means to
manipulate the microstructure of organic blend films (vapour annealing). Solvent vapour is
particularly useful as it enables ‘in situ’ observations of re-arrangements of polymer chains
under ambient conditions.
In principle, when a polymer film is quenched from solution it is not in thermodynamic
equilibrium. Exposing the film to the vapour of a good solvent typically swells the film. The
vapour penetrates the film so that the material partially re-dissolves allowing local structural
re-arrangements while large-scale motions on the substrate are prevented. It is expected that
the rigidity of the film will be lifted to some extent giving the polymer chains greater motional
freedom, thus reducing the terminal time for reptation as described in Section 2.1.4. It has
been well established that solvent vapour may induce crystallisation in amorphous polymer
films by increasing segmental mobility and increasing the nucleation probability [1, 2]. Vapour
exposure has also been shown to reduce the glass transition temperature, Tg and to aid the
diffusion of small molecules [3,4]. Furthermore, because vapour annealing is carried out at room
temperature, no chemical degradation of the material is expected.
Achieving an atmosphere of solvent vapour is straightforward in the laboratory. Here we
have used an open, solvent-containing vessel within a glass container (see Figure 4.1) which
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facilitates ’in situ’ measurements. The vapour pressure is highly-dependent on the ambient
conditions such as air pressure and temperature. Throughout this chapter we assume that
the temperature controlled environment used provides sufficient consistency for the experiments
performed here. Additionally, the solvents used (chloroform and chlorobenzene), are both highly
volatile, so we can expect the air to become saturated very quickly.
Figure 4.1: Diagram illustrating the experimental set-up used to produce an atmosphere of
solvent vapour.
In this chapter we examine the changes in microstructure of polymer blend films during
vapour annealing, for two distinct systems. The first study uses vapour annealing to understand
a specific degradation process in polyfluorene-based molecules. The second study looks at organic
semiconductor blends used in bulk-heterojunction photovoltaic devices to better understand
the changes that take place during the more widely applied thermal annealing. Both these
studies aim to answer specific questions, and to that end employ a variety of experimental
characterization methods in addition to vapour annealing. However, at the centre of both
investigations lies the relationship between photo-physics and microstructure.
4.2 Use of vapour annealing to study fluorenone-based emission
in oxidised poly(dialkylfluorene)s
4.2.1 Summary
This study examines the underlying nature of the green emission band observed as a result of
oxidation in dialkyl-fluorene polymers. Specifically, we set out to further determine whether an
inter- (excimeric) or intra-molecular (charge transfer) fluorenone-based excited state is involved.
The emission properties of poly(9,9-dihexylfluorene) dispersed at low concentration in a solid
polystyrene matrix are carefully explored. In-situ, time-resolved photoluminescence measure-
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ments are made during photo-oxidation of the blend and during subsequent exposure to an
atmosphere saturated with the vapour of a good solvent. The polystyrene matrix suppresses
the appearance of the green emission band during oxidation but the subsequent solvent vapour
exposure then activates it. The same effect (activation of the green emission) can be achieved by
thermally annealing the matrix above its glass transition temperature. Moreover, the activation
of the green emission can be reversed by dissolving the film and re-casting. This behaviour is
attributed to controlling the phase-structure of the polyfluorene/polystyrene blend and is con-
sidered strong evidence for an origin of the green band emission in the formation of excimer-like
states between co-facially arranged fluorenone moieties. The photoluminescence behaviour of
9-fluorenone and fluorene molecular mixtures in solution is also studied. This model system
allows analysis of the green emission band independent of relative intra- and inter-molecular en-
ergy transfer effects since this system is affected only by inter-molecular energy transfer. These
results provide further evidence for an excimeric origin of the green emission.
4.2.2 Background
Polyfluorenes are a class of conjugated polymer that have attracted considerable interest since
the first synthesis of poly(9,9 dialkylfluorenes) in 1989 [5]. They have several properties that
render them highly desirable for use in polymer-based electronic devices [6];
• Polyfluorenes have a high photoluminescence quantum efficiency (PLQE) that permits for
efficient PLEDs.
• The inclusion of different side chains (see Figure 4.3) can lead to a variety of advantageous
properties such as high solubility and liquid crystallinity.
• They can be co-polymerised to produce polymers with a longer wavelength emission range,
such as F8BT (poly(9,9 - dioctylfluorene-co-benzothiadiazole)) (green emission) and Red
F (red emission) allowing access to the full colour gamut within a single family of polymers
(with common monomers and synthesis procedures).
• They have high optical gain [7] which renders them suitable for use in lasers, amplifiers
and optical switches [8].
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These advantages are to are to some extent negated by a lack of blue emission stability under
oxidative degradation. Alongside an overall decrease in quantum efficiency, such degradation
leads to the appearance of a broad emission band (see Figure 4.2) in the green spectral region
which is highly detrimental to the colour performance of devices used in display and lighting
applications [9].
Figure 4.2: Effect of 28 minutes UV radiation in air on a dropcast film of poly(9,9 - dihexylflu-
orene).
Determining the origin of this emission (or ‘g-band’) is important both to improving device
performance and to a better understanding of conjugated polymer physics.
The origin of the g-band was initially thought to be due to aggregates and/or excimer
emission between fluorene units [10, 11]. On this basis several attempts were made to disrupt
inter-molecular interactions via chemical modification. This included the introduction of bulky
side groups [12], end groups [13] and dendronization [14] among others. Since then, however, a
direct causal link between the g-band and the presence of 9-fluorenone defects has been estab-
lished [15–19]. These 9-fluorenone units are products of oxidative degradation [16–20] and occur
when the two polyfluorene side-chains are severed from the backbone and replaced with a C=O
double bond. 9-Fluorenone formation is enhanced by exposure to UV radiation, high temper-
atures and electric currents under device operation [17, 21]. These defects act as deep electron
traps and dissociation sites for excitons created on the polymer chain. They consequently have
a strong quenching effect on the intra-chain blue emission.
Ambiguity remains however, as to whether or not the g-band emission arises from an excita-
tion of isolated 9-fluorenone moieties within an otherwise dialkylfluorene backbone, or whether
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Figure 4.3: (a) Chemical structure of poly(9,9-dihexylfluorene) (F6). (b) Chemical structure of
F6 with a single 9-Fluorenone defect moiety (n = m + p + 1).
it results from an excimer state formed between two co-facially arranged 9-fluorenone moieties
(see Figure 4.4). The study reported here seeks to distinguish between these two scenarios.
Figure 4.4: Schematic diagram illustrating a) a mono-molecular origin for the g-band and b) a
9-fluorenone based excimer origin requiring inter-molecular interaction and/or chain folding.
Many studies of the intra- versus inter- molecular fluorenone-based nature of the g-band
emission have already been published. These (by no means an exhaustive list of the work carried
out in this field) include studies of statistical co-polymers of dialkyl-fluorene and 9-fluorenone
[16,22–26], studies of conjugated oligomers containing dialkyl-fluorene and 9-fluorenone moieties
[27–30] and studies of various other copolymer [31, 32] and blend [17, 33–35] systems. It is
important to note however, that despite the intense activity there is not yet a consensus on the
61
origin of the g-band emission. Detailed discussion of results reported prior to 2004 can be found
in several of these works (e.g. [16, 17]).
Sims et al [17] demonstrated that the formation under photo-oxidation in air of the g-band
is entirely suppressed for poly(9,9-dioctylfluorene) (PFO) chains dispersed at low concentrations
within a polystyrene (PS) matrix. This enhanced colour stability was attributed to the preclusion
of excimer interactions between fluorenone moieties on adjacent polyfluorene chains and/or
chain segments due to isolation within the rigid PS matrix. This conclusion is supported by an
analogous result published by Chochos et al [31] for rod-coil di-block copolymers of terfluorene
and polystyrene. These copolymers display strikingly similar characteristics to the matrix-
isolated polyfluorene samples under UV exposure. Quenching of the blue emission is observed
without the emergence of g-band emission.
Becker et al [26] have conversely argued forcefully in favour of a mono-molecular mechanism
for the g-band, both by presenting new data and by making two specific criticisms of Sims et
al [17]. The first criticism is that there are many potential products of photo-oxidation other
than 9-fluorenone, as indeed has been demonstrated by Liu et al [19]. We note, however, that
Sims et al discussed this very issue at length and were careful to base their conclusions only on
data from the early stages of oxidation during which the changing photoluminescence spectra
showed a clear isobestic point consistent with a correlated exchange of transition probability
between two discrete species and during which infrared spectra showed the formation of C=0.
The same care has been taken in the present study - only the early stages of oxidation have
been considered. The second criticism concerns the observed non-linear dependence of g-band
emission on the concentration of 9-fluorenone molecules blended with PFO [17]. Sims et al
proposed that at low 9-fluorenone concentration (≤ 4%) excimer formation is disrupted by long
chain PFO molecules in a manner similar to that of the matrix isolated PFO in polystyrene.
Becker et al argued that this result could, however, be explained by exciton energy transfer
to acceptors dispersed in a polymer matrix being much less efficient than energy transfer to
acceptors bound covalently within the polymer backbone, and therefore a mono-molecular origin
of the g-band is not excluded. We re-iterate two points in response. First, as the fluorenone
content was raised to 4%, we recorded a steady reduction in PLQE without detecting any
change in the emission spectral lineshape (i.e. no green emission). Therefore, even at the
lowest concentrations (≤ 4%), we have direct evidence for energy transfer from polyfluorene
62
to fluorenone (leading to quenching). Second, there exists significant oscillator strength for the
π-π* transition of fluorenone at the excitation wavelength (351 nm) used in the experiment,
but no green emission was detected at concentrations ≤ 4%. So, even direct excitation of the
fluorenone in these samples does not lead to g-band emission.
The statement made by Becker et al concerning the efficiency of energy migration contradicts
that made in another recent report that, like Becker et al favours a mono-molecular fluorenone
explanation for the g-band emission [33]. Cadby et al studied a blend of degraded PFO and
polystyrene in the ratio 1:1 (i.e. a much higher PFO concentration than studied by Sims et
al [17]). Phase separation into PFO-rich and PS-rich phases results at these concentrations. Us-
ing scanning near-field optical microscopy (SNOM), Cadby et al found that the g-band emission
is strongly suppressed in the PS-rich phases. This is consistent with the matrix isolation exper-
iments of Sims et al [17] in that we expect the average distance between poly(dialkyl-fluorene)
chains to increase in the PS-rich phase relative to the PFO-rich phase. Cadby et al, however,
explained this result by stating that intra-chain exciton migration is a much slower and less
efficient process than inter-chain migration, therefore, they concluded, the isolated poly(dialkyl-
fluorene) chains in the PS-rich phase exhibit less g-band emission due to an inhibited energy
migration to the fluorenone defects. Cadby et al supported this conclusion with fluorescence
emission lifetime data that suggests a fractionally longer decay time for the blue emission al-
though the lifetimes reported are significantly shorter than previously measured values [36]. This
creates a situation wherein two wholly contradictory arguments have been advanced in order to
try and explain different aspects of results reported by Sims et al [17] within a mono-molecular
fluorenone picture. No such difficulty arises for the excimer description favoured by Sims et al.
The work reported here seeks to further clarify the appropriateness of the excimer scenario
via an extended study of the properties of matrix isolated polyfluorenes. The photo-luminescence
of polyfluorene chains dispersed at low concentrations in an inert, rigid polystyrene matrix is
studied in situ. After controlled oxidation, the system is manipulated to encourage phase sep-
aration of the two components and thus induce the proximity required for excimer formation.
The observed emergence of the g-band under these circumstances provides strong evidence for
its excimeric origin. The extinction of the g-band by dissolving and re-casting the polymer
blend film proves the physical (rather than chemical) nature of the manipulation effect, again
supportive of an excimer explanation. Finally, we examine a system of fluorene and 9-fluorenone
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molecules mixed in solution. The concentration dependence (total and fractional) proves reveal-
ing and given the monomeric nature of the energy transfer pair there is no ambiguity over ‘intra’
versus ‘inter’ molecular energy transfer. These results also support an excimer description of
the g-band emission.
4.2.3 Experimental details
Poly(9,9-dihexylfluorene) (F6) (Figure 4.3) was provided by The Dow Chemical Company with
Mw = 69,700. Polystyrene with a similar molecular weight (Mw = 92,000, purchased from Sigma
Aldrich) was therefore used. F6 (0.06 wt.-%) was mixed with polystyrene to form a 10 mg/ml
solution in chloroform. Blend films were prepared by ‘drop-casting’ onto quartz (spectrosil-B)
substrates and allowing the solvent to evaporate under ambient conditions. Measurements of the
film photoluminescence (PL) were made using a cooled Instaspec charge coupled device (CCD)
detector mounted on a spectrograph fed by a lensed fibre bundle collection optic. Films were
excited using monochromated light output from a Bentham Xenon lamp. Care was taken in
these measurements to ensure that the substrate and optical components remained in a fixed
position in order to record absolute changes in the PL intensity. Initial UV photo-oxidation in-
air was carried out using a Hamamatsu LC-5 Mercury-Xenon lamp. The light output incident
on the film was held at a broadband intensity of approximately 50 mW/cm2 and was long-pass
filtered to exclude wavelengths shorter than 380 nm.
Photoluminescence quantum efficiency measurements of solid films were made using an in-
tegrating sphere that was fibre-coupled to a spectrograph/cooled CCD detection system. An
excitation wavelength of 355 nm (monochromated Xenon lamp) was used for these measure-
ments. Use of a CCD camera enabled us to minimise the integration time for signal collection
negating unwanted additional photo-oxidation during measurement.
Solution PL spectroscopy was carried out using a SPEX Fluoromax-3 spectrofluorimeter.
Mixed solutions of fluorene and 9-fluorenone molecules were prepared from stock solutions and
placed in a quartz cuvette. PL was recorded using an excitation wavelength of 360 nm. The
cuvette was placed in a fixed position within the spectrofluorimeter so that absolute changes in
intensity could reliably be recorded. Absorbance measurements of solutions were made using a
JASCO absorption spectrometer using quartz cuvettes.
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4.2.4 Results and Discussion
The photoluminescence spectra of a drop-cast film of poly(9,9 dihexylfluorene) (F6) dispersed
in polystyrene at a concentration of 0.06 % wt is shown in Figure 4.5. The effect of exposure to
UV radiation in air over time is also shown.
Figure 4.5: Effect of 4 hours UV exposure (50 mW/cm2) on the photoluminescence spectrum
of F6 dispersed in a matrix of polystyrene at a concentration of 0.06 wt.- %. The inset shows
the spectra normalised to peak intensity.
During UV exposure, we observe a significant fall in the intensity of blue emission and a
corresponding fall in the photoluminescence quantum efficiency (see Table 4.1). It is evident,
however, that there is no significant growth of emission in the green spectral region (Figure 4.5
inset) and that, therefore, the emission colour is essentially stable under these conditions.
Sample PLQE
F6 (100%) 26 ± 3%
F6-PS blend (0.06% F6) 28 ± 3%
F6-PS blend, photo-oxidised (28mins, 50mW/cm2 UV) 2 ± 0.5%
F6-PS blend, photo-oxidised and exposed to vapour 0.5 ± 0.5%
Table 4.1: Photoluminescence quantum yields for a range of F6
This result (which reproduces that reported for PFO by Sims et al [17]) can be explained by
the fluorenone-excimer model that requires appreciable co-facial interaction between 9-fluorenone
moieties for g-band emission. Polyfluorene chains uniformly dispersed within a polystyrene ma-
trix at the concentration we have used here will have an average separation that is substantially
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greater than the maximum allowed for excimer formation (≈ 3 A˚). We also expect that inter-
segment interactions within the same chain will be substantially hindered by the rigid matrix.
There are several reasons why we expect the F6 chains to indeed be isolated within the
polystyrene host. First, the fraction of F6 chains in the blend is very low. Second, we expect
PS and F6 to be relatively miscible as previously shown [37] to be the case for PS and PFO and
consistent with the observation that chloroform is a good solvent for both PS and F6. The good
matrix properties of polystyrene have also been shown by others [33]. Third, the emission in
Figure 4.5 (initial 0-0 peak at ≈ 418 nm) is blue shifted in comparison with pristine, spin-coated
films of PFO (0-0 peak at ≈ 425 nm [17]). This observation is consistent with a matrix (solvent)
dilution effect.
As already noted, the result of Figure 4.5 is very similar to that reported by Sims et al [17]
where poly(9,9-dioctylfluorene) (PFO) was dispersed in polystyrene at the same concentration.
Here, we have chosen to use F6 instead of PFO so that any complications relating to the
secondary conformational phase specific to PFO (the so-called β-phase) cannot play a role.
β-phase samples can show significant variations in emission lineshape due to a superposition
of spectral contributions from the glassy PFO matrix and from extended β-phase PFO chains
dispersed therein. The problem is then that the physical structure manipulations (solvent vapour
exposure and thermal annealing) that we use below to activate g-band emission are expected to
alter the proportion of β-phase chains – an undesirable ambiguity. Since F6 does not have any
recorded tendency to form β-phase chains, this ambiguity is neatly avoided by the use of F6 in
preference to PFO.
It has been suggested that inter-chain exciton migration is faster and generally more efficient
than intra-chain migration [25, 33, 38] (although, as noted above, the opposite has also been
proposed). Were this to be the case, increasing the separation of polyfluorene chains through
matrix isolation might reduce the probability of excitons reaching a fluorenone site during their
lifetime. If so this could provide an alternative explanation for the observed suppression of ‘g-
band’ emission. However, a recent study of the pressure dependence of poly(9,9-dioctylfluorene-
co-benzothiadiazole) (F8BT) photoluminescence has shown that a large of proportion of the
pressure-enhanced spectral dispersion (dynamic red shift) found in fully dense films also occurs
in PS matrix-isolated samples [39]. Furthermore, were an inhibition of energy migration to
fluorenone moieties responsible for the absence of g-band emission, one would not expect to
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see any quenching of the blue emission from fluorene singlet states. Our conclusion is that the
suppression of g-band emission is not predominantly an effect of reduced energy migration to
the fluorenone moieties. Although, as we discuss later, energy migration effects do need to be
carefully considered.
Having achieved suppression of the g-band emission, the effect of lifting the rigidity of the
enveloping matrix can be studied. This is achieved by exposing the F6-PS blend system to an
atmosphere saturated with chloroform vapour; a good solvent for both polymers. It is expected
that the resulting swelling of the film will give the polymer chains greater motional freedom,
reducing the terminal time for reptation. Because the solvent vapour exposure is carried out at
room temperature and without any UV light exposure, further chemical degradation of the F6
component is not expected. Figures 4.6a and 4.6b show the corresponding photoluminescence
spectra. The initial spectrum (t = 0 minutes) is for a sample of F6 dispersed in PS at a
concentration of 0.06 wt.-% that has first been photo-oxidised for 28 minutes (50 mW/cm2
UV). Subsequent spectra show the effect of exposure to chloroform vapour over a period of 140
minutes. All measurements are made in-situ in order to record absolute changes in spectral
intensity. Figure 4.6c shows the spectra at 0 and 140 minutes normalised to their peak (0-
0 vibronic transition) intensities. This figure clearly shows the increase in g-band emission
relative to singlet emission that occurs (without further oxidation) as a result of exposure to
solvent vapour. The corresponding time resolved changes in the intensity of the singlet and
g-band emission components are depicted in Figure 4.7.
During the first ≈ 5 minutes of vapour exposure the intensity of the singlet peak at ≈ 420
nm falls (figure4.7(a)) with exposure to chloroform vapour, whilst the lineshape of the emission
remains essentially unchanged. We observe also that the intensity of recorded emission intensity
falls across all wavelengths, including at the g-band peak wavelength of 535 nm (see Figures 4.6b
and 4.7b). PLQE measurements indicate a drop from 2 ± 0.5 % to 0.5 ± 0.5 % after vapour
exposure (table 1). We consider that the fall in recorded emission intensity during this period
is to a significant part due to an optical effect associated with the collection of the luminescence
signal. In particular we observe that vapour exposure reduces the tendency of the dropcast
films to scatter light resulting in a reduction in PL collected in the forward direction. Related
observations have provided an optical means to determine the crystallisation temperature in
thin film samples of PFO [40] with an approximately 1.5 to 2 times increase in detected signal
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Figure 4.6: Effect of solvent vapour exposure on an oxidised (28 mins, 50 mW/cm2 UV), 0.06
wt.-% F6 dispersed in PS dropcast film. (a) In-situ measurement of the evolution of PL emission
during chloroform vapour exposure. Spectra have been normalised relative to the peak intensity
of the blue emission before exposure to vapour. (b) Enlarged detail of in-situ spectra depicting
changes in the green spectral region. (c) Initial and final spectra normalised to the peak 0-0 F6
exciton emission intensity in the blue.
resulting from enhanced scattering upon crystallisation. Increased exciton migration may also
play a role (see below) but, tellingly, there is no consequent appearance of g-band emission.
There is subsequently a qualitative change in spectral evolution with establishment of an
isobestic point at λ ≈ 520 nm and the emergence of the characteristic g-band component
(see Figure 4.6c). This can also clearly be seen in the PL(t) data of Figure 4.7 where the
dashed vertical lines indicate the cross-over point. From this time onwards there is a seemingly
correlated growth in g-band emission and reduction in F6 emission. Our working premise is that
the latter behaviour is a direct result of changes in the physical structure (phase morphology)
of our blend film samples. While it is entirely reasonable to expect that swelling a blend film in
the vapour of a good solvent will induce such changes, we should also consider whether anything
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Figure 4.7: Evolution of emission intensity in 0.06 wt.-% F6 dispersed in PS blends at (a) 420 nm
and at (b) 535 nm during exposure to chloroform vapour. Dashed lines demarcate the cross-over
time in the spectral evolution (see text for details).
else might be occurring. One concern would be whether there was any unintended growth in
the population of 9-fluorenone defects during this sequence of measurements. As already noted,
precautions were taken to prevent, as far as possible, any further photo-oxidation. An additional
argument that this concern is not material, is that a different approach to physical structure
manipulation, namely thermal annealing (see below), produces remarkably similar results in
terms of spectral evolution when we would expect quite different behaviour in respect of any
unintended oxidation (see Sims et al [17]). Finally, we note that the activation of the g-band
can be reversed (see below), something that would not be possible if its growth were indeed the
result of further photo-oxidation.
Figure 4.8: (a) Spectral evolution for an un-oxidised 0.06 wt.-% F6 dispersed in PS film subjected
to chloroform vapour exposure. (b) Photoluminescence spectra of photo-oxidised (28 mins, 50
mW/cm2), drop-cast 0.06 wt.-% F6 dispersed in PS film after exposure to solvent vapour, then
after re-dissolving and re-casting as a film.
Armed with this knowledge we now further examine the spectral evolution during solvent
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vapour exposure. There are two aspects to consider, namely (a) the continued reduction in F6
exciton emission in the blue and (b) the growth of the g-band emission at longer wavelengths.
In relation to the first of these we have undertaken a control experiment in which a drop cast
film of 0.06 wt.-% F6 dispersed in PS was subjected to chloroform vapour exposure without
first being photo-oxidised. The spectral evolution results for this sample are shown in Figure
4.8a. The key observation is that the F6 exciton emission intensity decreases with exposure
time in a similar way to the initial behaviour of the oxidised sample (Figure 4.6a) but without
the appearance of any g-band emission. Thus whilst a preparatory photo-oxidation is necessary
for the subsequent observation of a growing g-band emission it is not necessary in order to
observe the drop in F6 exciton emission during solvent vapour exposure. What then causes this
drop? We consider that it is analogous to the drop in luminescence efficiency seen for many
conjugated polymers [41, 42] on going from solution to solid film samples and therefore that it
signifies a rearrangement of the F6 polymer chains within the PS matrix. This rearrangement
leads to a more ordered F6 chain structure and stronger inter-chain interactions (consistent
with the red-shift and increase in vibronic structure visible in Figures 4.6a and 4.8a and a
consequent reduction in emission efficiency. It is possible that one or more of (i) changes in
scattering [40], (ii) a greater delocalisation of excited state wavefunctions, and (iii) exciton
migration to quenching sites is/are relevant here but we do not seek to discriminate amongst
these effects since it does not directly impact on the central theme of our study: It is also not
straightforward to disentangle the different contributions. Re-iterating, the control experiment
allows us to show that a continued drop in F6 singlet emission during solvent vapour exposure
can occur independently of whether the sample has been initially photo-oxidised.
Returning to the data in Figure 4.6 we can then understand the observed changes in the blue
F6 exciton emission part of the spectrum as being a straightforward result of phase separation
driven by the solvent vapour swelling. Again, the precise mechanisms contributing to the drop
in PL intensity remain to be fully determined: It is likely for instance that an increased exciton
migration to 9-fluorenone quenching sites plays a specific role here. The second effect in Figure
4.6, namely the growth of g-band emission (which doesn’t occur for the un-oxidised sample) is
then understood to be the consequence of a facilitation of excimer formation resulting from the
phase-separation driven increase in the proximity between 9-fluorenone defect moieties. As phase
separation and, potentially, chain folding occurs, the average separation between 9-fluorenone
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moieties will decrease (a process that is possibly further augmented by attractive forces between
dipolar C=O groups). This increases the likelihood that 9-fluorenone moieties will be in sufficient
proximity to form excimers.
A second control experiment involves re-dissolving an oxidised sample that had been sub-
jected to vapour exposure (i.e. that shows g-band emission) and re-casting it on a new substrate.
The process of re-dissolving involves removing (with a scalpel) the film from the substrate into
a vial, adding chloroform and mechanically agitating to ensure that the material fully dissolves.
After re-casting the fluorescence spectrum is again recorded (see Figure 4.8b, ‘Re-dissolved’).
The emission spectrum is very similar to that found prior to solvent exposure: Dissolution and
re-casting removes the g-band emission and returns a stronger short wavelength luminescence.
This reversibility confirms the physical structural nature of the g-band generation and thus
supports our excimer description.
Figure 4.9: (a) Photoluminescence spectra of a photo-oxidised (28 mins, 50 mW/cm2), drop-cast
0.06 wt.-% F6 dispersed in PS film, before and after thermal annealing at 200 oC for 90 mins.
(b) Data from (a) normalised to the peak 0-0 F6 exciton emission intensity in the blue.
The behaviour seen under solvent vapour exposure can be further demonstrated to be a
general consequence of phase separation. This is done using thermal annealing above the glass
transition temperature of PS to produce an equivalent structural relaxation. As for solvent
vapour exposure we can take appropriate precautions to ensure that further oxidation is avoided.
In this case, heating under nitrogen is sufficient to avoid thermal-oxidation [11]. Figure 4.9 shows
the change in photoluminescence of a photo-oxidised blend of 0.06 wt.-% F6 in PS upon being
heated to 200 oC in a nitrogen atmosphere (glove box with oxygen content ≈ 0.6 ppm). In
common with the vapour treated sample there is a significant reduction in the absolute intensity
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of the singlet emission and a rise in emission intensity in the g-band region. The glass transition
temperature of polystyrene is 95 oC, so that phase separation of the two components in a similar
fashion to vapour treatment is expected. Furthermore, 200 oC is above the crystal to nematic
liquid crystal phase transition temperature of PFO (170 oC [40]), such that ordering of the
polyfluorene chains can be expected. The observed increase in g-band emission can then again
be attributed to the activation of excimer emission when 9-fluorenone defect moieties reach the
required proximity for excimer formation. This activation of g-band emission is independent of
the method (solvent exposure or thermal annealing in an inert gas) used to lift the rigidity of
the polystyrene matrix.
To investigate further the issue of inter- versus intra-chain energy migration, a study was
made of systems comprising mixtures of fluorene and 9-fluorenone molecules in chloroform
solution. For such systems only inter-molecular energy transfer can occur. In dilute solu-
tion [15, 24, 43–45] the photoluminescence of 9-fluorenone is characterised by a monomer emis-
sion band peaked at roughly 350 nm and a second, broad emission band that spans 420 nm –
700 nm. The latter closely mirrors the polyfluorene g-band emission spectrum and will there-
fore be referred to as the 9-fluorenone g-band below. It has a strong concentration and solvent
dependence and has previously been assigned as an excimer state [15,43–45].
Figure 4.10a shows the photoluminescence spectra for a series of 10 mg/ml samples containing
varying weight fractions of fluorene and 9-fluorenone. It is evident that the intensity of g-band
emission is strongly dependent on the relative proportions of fluorene and 9-fluorenone molecules
in the mixture. Importantly, a significant g-band emission contribution is observed even for a 9-
fluorenone weight fraction of 1 %. It is interesting to compare this result with the thin film blends
of PFO and 9-fluorenone studied by Sims et al [17]. There, g-band emission was not observed
for 9-fluorenone concentrations below 4 % wt. A minimum concentration for the appearance of
the g-band was thus observed, unlike the situation found here (Figures 4.10a and 4.10b. The
origins of this discrepancy provide further insight into the nature of the g-band.
The differences between the study presented here and that of Sims et al are the use of
‘monomeric’ fluorene as opposed to poly(dialkyl-fluorene) and that the samples are in solu-
tion rather than in solid phase. In solid phase film samples of 9-fluorenone dispersed in a
poly(dialkyl-fluorene) matrix the molecules are densely packed, and therefore we can expect
inter-molecular exciton migration to defects to be maximised. If the g-band emission originates
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Figure 4.10: (a) Photoluminescence spectra of mixtures of fluorene and 9-fluorenone dissolved in
chloroform. The overall solution concentration was kept at 10 mg/ml. All spectra are recorded
under identical conditions (excitation wavelength, λ = 360nm) allowing comparison of intensi-
ties. Spectra have been normalized relative to the peak intensity of the 100% fluorene solution.
(b) Relative PLQE and green/blue emission intensity ratio for a 10mg/ml solution as a func-
tion of 9-fluorenone fraction. Relative PLQE is found by integrating the PL over the emission
spectrum and dividing by the absorption fraction. (c) Ratio of green/blue emission intensity for
two 9-fluorenone fractions as a function of overall solution concentration. (d) Relative PLQE as
a function of overall solution concentration for a range of fluorenone fractions.
from a 9-fluorenone-sited intra-molecular excited state then the overall intensity of g-band emis-
sion should increase even for small fluorenone concentrations due to the effective inter-molecular
energy migration. The fact that this is not observed in PFO/9-fluorenone blends in solid phase
can be explained by the fluorenone-based excimer model. The polymeric nature of PFO can
disrupt the formation of excimers by preventing the close interaction of 9-fluorenone molecules.
In the solutions presented in Figure 4.10, excimer formation is not inhibited because both com-
ponents are monomeric and do not therefore strongly inhibit each other’s motion. Furthermore,
molecules in solution have much greater kinetic freedom, which leads to frequent collisions be-
tween 9-fluorenone molecules, thus permitting the required proximity for excimer formation.
73
Corresponding collisions between fluorene and fluorenone molecules enable the initial energy
transfer that precedes excimer formation and that quenches the vibronically structured fluorene
emission in the blue (Figure 4.10a). Figure 4.10b shows the change in PLQE of a 10 mg/ml so-
lution as the fraction of fluorenone increases. The corresponding change in the intensity ratio of
g-band emission to blue, fluorene singlet emission is also displayed. Adding 9-fluorenone causes
quenching of the fluorene emission and growth of the g-band.
Figure 4.10c shows the ratio between the peak intensities at the g-band emission peak (535
nm) and the blue, singlet peak (403 nm) for 32 wt.-% and 4 wt.-% 9-fluorenone content. It is
clear that as the overall solution concentration increases, the ratio of g-band to singlet emission
intensity increases, especially for the 32 wt.-% 9-fluorenone solution. The concentration depen-
dence of the g-band emission in this system is consistent with the excimer hypothesis for the
origin of the g-band. As the overall concentration increases (at fixed 9-fluorenone fraction) ΓD
(the excimer formation rate) is increased. More information can be gained from knowledge of
the solution PLQEs. Figure 4.10d shows how the PLQE varies with the overall solution concen-
tration for four 9-fluorenone fractions. Both pure fluorene (i.e. 0 wt.-% fluorenone) and 4 wt.-%
9-fluorenone solutions show little sensitivity towards overall concentration within the range we
have studied. This is consistent with the relatively small increase in g-band ratio (x 1.1) over
the same range for the 4 wt.-% 9-fluorenone solution (Figure 4.10c). The indication is that
the increase in ΓD is insufficiently large to cause a significant change to the PLQE. Moreover,
given the relative flatness of the PLQE concentration dependence, one can speculate that the
fraction of fluorene and 9-fluorenone molecules that are excited either directly or indirectly in
the experiment remains approximately constant throughout the concentration range studied.
Moreover, from the seeming absence of concentration quenching in the 4% solution, one can
also deduce that the diffusion-controlled mean free time, τ between 9-fluorenone to 9-fluorenone
collisions (∝ 1ΓD ) is longer than the intrinsic excited state lifetime τ of 9-fluorenone over the
same concentration range.
As the 9-fluorenone fraction is increased one begins to see a crossover from τ ≥ τ to τ ≤ τ ,
resulting in a sharp rise in ΓD and a corresponding fall in PLQE. For the 32% case, the effect
is manifested in the corresponding PL spectra, where the g-band ratio increases by a more
significant factor of x 3.1 over the same concentration range (0.1 mg/ml to 10 mg/ml).
Figure 4.10d shows the effect that increasing the 9-fluorenone fraction (at a constant overall
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concentration) has on the solution PLQE. In a manner similar to increasing the 9-fluorenone
fraction in PFO/9-fluorenone blend films [17], the PLQE follows a monotonic decrease up to the
highest blend concentration studied. This can be explained by the combined effect of adding
an increasing proportion of a less emissive compound and the influence of an increasing ΓD for
fluorenone. These types of plots are somewhat less insightful than the fixed fraction experiments,
but nevertheless an important point can be made with regard to the 100% fluorenone solution.
Unlike the previous study [17], in which the PLQE of a (100%) fluorenone solid state sample
was shown to be three times higher than 1:1 PFO/fluorenone blend films, the 100% 9-fluorenone
solution PLQE is lower than any of the mixed solutions studied here. This is consistent with
our previous observations on PL lifetime measurements [17] in which τPL for the fluorenone
excimer was found to be largely independent of concentration but significantly shorter than in
the solid state. We consider this to be the result of a reduction in the non-radiative decay rate
in the solid state due to lattice imposed constraints. In solution, the fluid medium facilitates a
higher probability for non-radiative dissociation. In a separate study, we have observed similar
phenomena to occur in well-defined 9-fluorenone-substituted oligofluorenes, the results of which
will be presented elsewhere.
4.2.5 Conclusions
In summary, we have reported a detailed study targeted at distinguishing between the two pos-
sible causes of the g-band emission in degraded poly(dialkyl-fluorenes) that have been proposed
in the literature. These are the decay of an excited state localised on a single 9-fluorenone based
moiety, or the decay of an excimer delocalised over co-facially arranged 9-fluorenone groups. A
series of experiments examining the emission characteristics of poly(9,9-dihexylfluorene), fluo-
rene and 9-fluorenone based systems has been presented. It has been shown conclusively that
the average separation between 9-fluorenone groups plays an important role in the emission
intensity of the g-band. By isolating polyfluorene chains at low concentration in an inert rigid
PS matrix, it is possible to entirely preclude the g-band emission. By lifting the rigidity of the
matrix, localised phase separation of the two components occurs. This leads to an increase in the
g-band emission indicating the necessity of inter-molecular interaction. The importance of inter
and intra-molecular energy transfer efficiencies has also been studied using systems of fluorene
and 9-fluorenone monomers co-dissolved in chloroform where all energy transfer is necessarily
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inter-molecular. While inter-molecular excitation transfer to 9-fluorenone defect moieties does,
most likely, play a role in the activation of g-band emission, this issue alone is insufficient to ex-
plain the results presented in this report and elsewhere. The results presented constitute further
evidence for a 9-fluorenone excimer state as the root cause of the g-band emission. Oxidation
leads to quenching of the poly(9,9-dialkylfluorene) exciton emission demonstrating that energy
migration does occur. Vapour and thermal annealing drive phase separation leading to a further
‘concentration quenching’ of the exciton emission and the emergence of g-band emission. These
results together with the observed reversibility of g-band activation (dissolving and re-casting
film samples of 0.06 wt.-% F6/PS with g-band emission turns the emission off) provide strong
support for the excimer model proposed by Sims et al [17].
4.3 The Effect of Vapour Annealing on Polymer:Fullerene Blends
4.3.1 Summary
This section studies the effect of vapour annealing on blend films of P3HT and PCBM and on
solar cells that employ them. We find that vapour annealing of P3HT:PCBM blends does not
result in the same photovoltaic device performance enhancement as thermal annealing. Through
absorption spectroscopy, optical microscopy and wide-angle X-Ray diffraction, we examine the
changes in microstructure upon vapour annealing and attempt to relate these changes to device
performance. It is shown that whilst the degree of crystalinity of both P3HT and PCBM
increases upon exposure to solvent vapour, the average size of PCBM aggregations does not
increase to the extent that it does upon thermal annealing. This highlights the role of large
PCBM aggregations in P3HT:PCBM solar cell performance. In addition, we use spectroscopic
ellipsometry to observe the time-dependence of the micro-structural changes that occur during
vapour annealing and to examine the changes in vertical distribution of P3HT and PCBM in
the blend film.
4.3.2 Introduction
As discussed in Section 2.3.4, a number of ways to control the blend microstructure of spin-
coated P3HT:PCBM films exist. These include deposition and post-deposition procedures such
as solvent selection [46–48], slow drying [49–51], melting of bilayers [52], thermal annealing of
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blends [53–55] and vapour annealing of blends [56]. In particular, a thermal annealing step in
the region of 140 oC - 160 oC for a period of between 1 minute - 1 hour has become a widespread
protocol for device optimisation. Whilst many of the effects of thermal annealing have been
identified, specifically crystallisation of both components, there is still debate as to what is
driving the dramatic improvement in device performance.
Vapour annealing is a technique that also significantly changes the microstructure of the
blend but does not produce the same performance improvement, as shown in Figures 4.11 and
4.12 and confirmed independently by Zhao et al [56]. This allows us to compare the two post-
deposition processing techniques and find out the reasons for this difference. In general vapour
annealing of P3HT:PCBM films is performed with chlorobenzene vapour for a period of 30
minutes, using the set-up depicted in Figure 4.1.
4.3.3 The influence of vapour annealing on microstructure and device per-
formance in P3HT:PCBM blend films
The absorption spectra of Figure 4.13 show that P3HT:PCBM (1:1 by weight) films are sig-
nificantly affected by exposure to cholorobenzene vapour. Sharper vibronic sidebands, and in
particular the more pronounced shoulder centered at 615 nm, which has been assigned to a
highly interchain-delocalized excitation [57], provide evidence for P3HT crystallisation upon
vapour annealing. The intensity of this shoulder has previously been correlated with the de-
gree of P3HT crystallinity as deduced from X-ray diffraction data [58]. Increased crystallinity
leads to sharpening of the absorption peaks because the conjugation length is associated with a
crystallite’s discrete lamella thickness (see Section 2.1.2). As P3HT crystallises, this thickness
becomes more prevalent, which leads to the excited states having a narrower spread of energy
levels. The red-shift of the transition peaks can also be assigned to P3HT ordering; as the chains
align we expect that the average conjugation length will increase. This means that electronic
states will delocalise over a larger area which leads to a lowering of the transition energy. In this
instance it appears as though the increase in the absorption coefficient for thermal annealing
is greater than that for the vapour annealed sample. Whether this is a general trend or not is
uncertain since Zhao et al [56] find very similar absorption coefficients from both vapour and
thermal annealing.
For the case of thermal annealing, the formation of lamella-like P3HT crystallites with a-
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Figure 4.11: External quantum efficiency (EQE) measurements for P3HT:PCBM bulk-
heterojunction devices using different annealing techniques. The EQE for a non-annealed device
is also shown. All devices are fabricated from the same P3HT:PCBM solution and employ the
device structure Glass/ITO/PEDOT:PSS/P3HT:PCBM/Al.
axis orientation (backbone parallel and side-chains perpendicular to the substrate) has been
proposed. This proposal is consistent with X-ray diffraction [48,58,59], Raman spectroscopy [60],
transmission electron microscopy/diffraction [59,61] and spectroscopic ellipsometry [62] data.
Optical microscopy reveals the appearance of micrometre-sized PCBM crystalline domains
with thermal annealing (Figure 4.14b). These domains have been identified as PCBM crystallites
through Raman scattering [63] as well as through X-ray diffraction [59], transmission electron
microscopy [59] and selected-area electron diffraction data [53]. During thermal annealing,
enhanced molecular mobility enables the PCBM molecules to diffuse through the film to form
aggregates. The size of these domains varies from 10 to 100 nm on annealing for 5 min at 100
oC [59] and up to tens of micrometres on annealing for longer periods (typically ≥ 30 min) and
at higher temperatures (≥ 130 oC) [55,60].
During vapour annealing however, the growth of PCBM crystallites is clearly not nearly as
significant as during thermal annealing (Figure 4.14c). No obvious increase in the size of PCBM
crystallites is discernible in optical microscopy and this was found for multiple vapour annealed
P3HT:PCBM films.
Interestingly, measurements from glancing wide angle X-RAY diffraction (Figure 4.15), show
that the degree of crystallinity of both P3HT and PCBM increases significantly upon exposure
to solvent vapour in a similar fashion to thermal annealing.
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Figure 4.12: J-V Characteristics for P3HT:PCBM (1:1) bulk-heterojunction, spin-coated devices
with various post-processing techniques. These are untreated, exposed to chlorobenzene vapour
(30 min), thermally annealed (140 oC, 30 min) and both vapour annealed and heat treated.
These results combined suggest that solvent vapour annealing enhances the crystallinity of
both P3HT and PCBM, however the growth in size of PCBM domains is significantly reduced
when compared with thermal annealing at 140 oC. An explanatory hypothesis is that solvent
vapour penetrates the film, causing it to swell and increases the molecular mobility of both P3HT
and PCBM. This allows both species to diffuse and align, as in thermal annealing. In thermal
annealing however, the viscoscity of the blend is expected to be dramatically reduced at 140
oC, meaning that PCBM molecules can diffuse over hundreds of nanometres. This reduction in
viscocity may be less significant during vapour annealing which results in a much smaller PCBM
crystals.
Consequently, given that we have shown thermal annealing leads to a greater device perfor-
mance enhancement than vapour annealing, the above analysis implies a correlation between
device performance and the size of PCBM crystallites. As was discussed in Chapter 2, maximis-
ing photocurrent relies on having a large donor:acceptor interface for exciton dissociation and
percolating pathways of both donor and acceptor materials for efficient charge carrier transport
to the electrodes. Because an overall increase in size of PCBM domains should lead to a re-
duction in interface area, it appears that these PCBM crystals may play a role in aiding the
percolating network of PCBM sites. This issue will be discussed further in Chapter 6.
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Figure 4.13: Absorption spectra of spincoated P3HT:PCBM (50 wt.-% P3HT) films on glass be-
fore and after chlorobenzene vapour exposure (30 min) and thermal annealing (140 oC, 30 min).
All films were produced from the same solution and spin-cast at the same speed. Absorption
spectra of pristine PCBM and P3HT films are also shown.
4.3.4 Variable Angle Spectroscopic Ellipsometry as a means to study the
influence of annealing and the PEDOT:PSS layer on vertical phase
segregation in P3HT:PCBM films.
In order to further study the effect of vapour annealing, Variable Angle Spectroscopic Ellipsom-
etry (VASE) has been employed. Introduced in Chapter 2, VASE is a well-established technique
for retrieval of the optical constants of thin films [64], as well as concentration - depth profiles
of composite films [64–66]. The experimental data are fitted using a mathematical represen-
tation of the sample, and the quality of the fit indicates the suitability of the chosen model.
The refractive index and extinction coefficient (n and k) of both P3HT and PCBM have been
previously determined from ellipsometry [63]. By combining the P3HT and PCBM n and k
values via the Bruggeman effective medium approximation [67], it is possible to find a model
structure for P3HT:PCBM blends. Most existing techniques for observing microstructure look
at lateral distributions across the film or scan its surface profile. The technique employed here
uses ellipsometry in a novel way to evaluate the vertical distribution of material in the blend
film using a non-invasive method.
Ellipsometric scans of P3HT:PCBM blends spin-coated on glass substrates were undertaken
in the 250-850 nm wavelength range at three angles (65o, 61o and 57o) before and after annealing.
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Figure 4.14: Microscope images of P3HT:PCBM blend films on glass taken a) before annealing,
b) after thermal annealing (140 oC, 30 min) and c) after vapour annealing. Images are taken
in reflection mode and consequently colours are unrepresentative.
Various geometric models were evaluated on the basis of the standard deviation of the fit and
the number of free parameters used. Care was taken to find a model with low standard standard
deviation that also uses a small number of free parameters and consistently fits all the measured
data, before and after data. It is also important to check that the values given by the model are
physically sensible. The model with the most success on this basis has been found to consist of
a single P3HT:PCBM layer with a linear concentration gradient throughout, and an additional
layer consisting of a homogeneous blend of PCBM and the ambient environment. This model
has a significantly reduced standard deviation compared to the other models attempted. The
model is depicted in Figure 4.16a. The top layer is a means to represent surface roughness
and accounts for the surface roughness induced by PCBM aggregation. The five free parameters
associated with this model are therefore the thickness, average PCBM concentration and PCBM
concentration gradient of the P3HT:PCBM layer, and the thickness and PCBM concentration of
the PCBM roughness layer. These values can be represented in a concentration profile through
the film.
According to the model fits to the data, the reference (untreated) film spin coated on fused
81
Figure 4.15: GWAX X-Ray diffraction results on P3HT, PCBM and 1:1 blends after various
processing steps. The figure shows radially integrated intensity. Measurements were performed
with the help of Dr Christian Muller.
silica comprises a composition that varies from PCBM rich close to the substrate to P3HT rich
near the free (air) surface (Figure 4.16b). Vertical segregation in P3HT:PCBM blends has been
suggested previously [48, 68, 69]. Furthermore, vertical phase-separation effects have previously
been observed in films of P3HT blended with isotactic semicrystalline polystyrene [70], blends
of two polyfluorene copolymers [71] and blends of polyfluorene and PCBM [72], and have been
attributed to differences in the solubilities/surface energies of the components [72] and/or the
dynamics of the spin-casting process [73].
After thermal annealing the PCBM concentration in the roughness layer increases and is
correspondingly depleted from the mixed layer resulting in a significant change in the PCBM
gradient (see Figure 4.16b). This change can be attributed to PCBM crystallisation. As evi-
denced from optical microscopy, there is a large increase in the size of PCBM crystalites upon
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Figure 4.16: a) Schematic diagram of the model used incorporating a linearly graded
P3HT:PCBM region and PCBM:VOID roughness layer. b) Best fit model of ellipso-
metric data taken before and after thermal annealing of P3HT:PCBM film on glass. c) Ellip-
sometric fit of the same system on glass before and after vapour annealing. d) Ellipsometric fit
of P3HT:PCBM film on PEDOT:PSS layer before and after vapour annealing.
thermal annealing. PCBM diffuses towards existing nuclei at the surfaces of the film. This
increases the degree of vertical segregation already present in the film by depleting the up-
per, sub-surface layer of PCBM and increasing the amount of PCBM protruding from the film,
adding to the overall surface roughness. The proposed PCBM re-distribution is consistent with
the observed decrease, on annealing, in PCBM Raman signal within PCBM crystallite-free re-
gions [63]. It is also consistent with time-resolved optical microscopy which showed that PCBM
crystallises during thermal annealing through steady growth of existing PCBM nuclei, rather
than new nucleation [63].
Vapour annealing leads to similar changes in the vertical distribution of PCBM (Figure
4.16c). There is an increase in the PCBM concentration gradient within the P3HT:PCBM blend
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layer which is indicative of diffusion of the PCBM molecules toward the film/glass interface.
We note that the magnitude of the changes in the concentration profile is smaller for vapour
annealing than for thermal annealing which agrees with the explanation given in Section 4.3.3
that the molecular mobility afforded by vapour annealing is not as great as by thermal annealing.
A potential difference between vapour and thermal annealing would arise if the solvent vapour
was not able to penetrate through the entire film. We do not expect this to be the case however
because chlorobenzene is a good solvent for both P3HT and PCBM. Furthermore, studies of
spincoated PFO films have shown that exposure to vapour leads to higher proportions of chains
adopting the β-phase conformation. This effect has been shown to be thickness independent
which indicates that the penetration depth of the solvent vapour is at least as deep as the
thicknesses examined.
As discussed in Section 2.3.4, the ideal structure of a heterogeneous organic solar cell is
an intermediate structure somewhere between a planar and a bulk heterojunction. Segregation
of the electron-donor material towards the anode interface and the electron-acceptor material
towards the cathode interface is expected, from consideration of the effect of composition on
electrode selectivity, to be beneficial for solar cell performance (see Chapter 5). Indeed, vertical
composition gradients with this specific directionality have been shown to benefit solar cell
performance in the case of both polymer -polymer blend devices [71, 74] and vacuum-deposited
molecular solar cells [75, 76]. This directionality is the opposite of the observed direction of
PCBM diffusion upon thermal and vapour annealing of P3HT:PCBM films on glass (as deduced
from ellipsometric modeling).
In order to understand more directly the changes during annealing it is important to study a
system more closely matched to that of a real device architecture. Most device systems comprise
an interlayer of PEDOT:PSS to mediate between the work-functions of ITO and P3HT as shown
in Figure 2.14. Ellipsometry measurements were repeated for a P3HT:PCBM blend film on top
of a PEDOT:PSS layer on glass and the PCBM concentration profiles are shown in Figure 4.16d.
Untreated P3HT:PCBM blend films spin coated on PEDOT:PSS present a qualitatively
similar negative (that is, unfavourable for electrode selectivity) concentration profile to the films
spin coated directly on fused silica, but with a somewhat less negative gradient. We note that
this behaviour was confirmed in measurements on more than 10 samples of different thicknesses.
It thus seems that the presence of the conducting polymer may slightly inhibit the segregation
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of the two components in the vertical direction, probably due to the difference in surface energy.
On vapour annealing (Figure 4.16d), the vertical profile is changed such that the P3HT
concentration at the PEDOT:PSS anode is increased, in sharp contrast to the case of films
spin coated on fused silica, where the P3HT concentration at the anode is further depleted on
annealing. Thus, in the case of PEDOT:PSS substrates, the vertical phase segregation becomes
more positive (better for electrode selectivity) on annealing, and as such is expected to benefit
solar cell performance.
There are several possible explanations for the strong impact of the polymer/contact interface
on vertical diffusion. Specific interactions between the organic materials and the substrate should
have a strong effect on microstructure [77, 78]. It is possible that P3HT is more ‘attracted’ to
the PEDOT:PSS layer than to glass due to differences in van der Waals interactions. Campoy
et al. also found that vertical segregation was affected drastically by modifying the substrate
using a hydrophobic self-assembled monolayer [63].
These results clearly demonstrate that the direction of vertical phase segregation can be
controlled by the surface energy of the substrate, with the degree of segregation further controlled
by annealing or other treatments that modify molecular mobility.
4.3.5 Time-resolved ellipsometric measurements of the annealing process.
In order to better understand the time-scale of the micro-structural changes that place in
P3HT:PCBM films upon vapour annealing, we have used ellipsometry to make real-time mea-
surements during vapour exposure. The vapour annealing set-up depicted in Figure 4.1 is
incorporated into the ellipsometer. The ellipsometer then takes measurements at regular time
intervals whilst the container is filled with solvent vapour. The changes in tan(Ψ) over time are
recorded at two distinct wavelengths and the results are shown in Figure 4.17.
In general, changes in tan(Ψ) correspond to to changes in the overall density of the film
[63]. The measured wavelengths of 275 nm and 525 nm correspond to peaks in the absorption
coefficients of PCBM and P3HT respectively. Therefore changes in tan(Ψ) at 275 nm can be
expected to relate to changes in PCBM density and changes occurring to tan(Ψ) at 525 nm will
be related to P3HT density.
Figure 4.17 shows that tan (Ψ) at 275 nm remains constant for the first 200 seconds on
exposure to vapour. After roughly 200s it begins to decrease exponentially over a period of
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Figure 4.17: Ellipsometric parameter tan(Ψ) measured in a P3HT:PCBM film plotted against
the time exposed to solvent vapour.
approximately 800 seconds. After this time, the value of tan(Ψ)[275 nm] appears to stabilise at
a value half that of its initial starting point. It therefore appears that after an initial lag, the
density of PCBM in the film begins to decrease which may well be indicative of PCBM diffusion
as discussed above.
The value of tan(Ψ) measured at 525 nm exhibits a strikingly different trend to tan(Ψ)[275
nm] during the same period. At the same time as vapour is introduced to the system, tan(Ψ)[525
nm] increases linearly. It does so for approximately the first 200s. It then peaks and begins to
decrease, falling more slowly over the next 300s before plateauing out.
The existence of a maximum in tan(Ψ)[525 nm] suggests that there is more than one process
affecting the P3HT signal. Changes in the value of tan(Ψ) over time may reflect the competing
effects of P3HT crystallisation and diffusion leading to vertical phase segregation, a phenomenon
discussed in Section 4.3.4.
At this point it is difficult to accurately assign processes to each of the phases of evolution ob-
served for tan(Ψ). It appears however, that during the first 200 seconds of vapour exposure, the
degree of P3HT crystallinity (and hence density) increases. Only once this crystalisation process
has ended, diffusion and vertical phase segregation of both materials occurs. The temporal cor-
86
relation between the end of P3HT crystallisation and the onset of PCBM diffusion suggests
that the two processes are linked; a proposal that would be consistent with the thermally in-
duced changes reported for P3HT:semicrystalline-PS blends [70]. A possible interpretation is
that PCBM diffusion occurs more readily through low-polymer-density pathways that open up
between P3HT crystallites. This will be discussed further in Chapter 6.
4.3.6 Conclusions
The effect of vapour annealing on P3HT:PCBM bulk heterojunction solar cells has been ex-
amined and contrasted to the effect of thermal annealing. Vapour annealing of P3HT:PCBM
blend solar cells has been discussed previously [56]. However in this study it was discussed in
the context of a novel means of enhancing performance since they found that sequential vapour
and thermal annealing of samples led to an enhanced device performance over the thermally
annealed blend. Figure 4.12 suggests that this result is not reproducible however. In this chap-
ter we have looked at vapour annealing as a means to understand the enhancement in device
performance caused by thermal annealing.
Here, it is found that similar to thermal annealing, vapour annealing leads to enhanced
crystallisation of both components. However in contrast to thermal annealing, both large scale
aggregations of PCBM and improvements to device performance are reduced. This suggests
that large aggregations of PCBM are beneficial to device performance. We attribute this effect
to the enhancement of percolating pathways via the formation of PCBM primary crystals.
We have also observed the role of substrate/film interactions and annealing processes on
vertical segregation in the blend film. Time-resolved ellipsometry measurements during vapour
annealing suggest a causal relationship between P3HT crystallisation and PCBM crystallisation.
This work formed part of a larger study (Ref. [63]) which attempts to give a complete picture
of the changes that take place in P3HT:PCBM solar cells during annealing using a wide variety
of characterisation methods. It is hoped that this study helps us to understand the relationship
between microstructure and device performance in bulk-heterojunction solar cells. The ideas
introduced here will be referred to in later chapters.
There are several things that may usefully be done to extend this study. We have only
explored a very small section of the parameter space available in vapour annealing. We used a
single solvent (chlorobenzene) at a single temperature and vapour pressure. It would be inter-
87
esting to see the effect on microstructure and device performance as we change the temperature
and vapour pressure used. Of particular interest would be to see whether or not PCBM ag-
gregates can be encouraged to grow in size at higher vapour pressures (whilst still at room
temperature). This would enable us to confirm the role Performing these experiments would
require significantly more complex apparatus however. Another area to explore would be to look
at a variety of different solvents. It would also be interesting to explore the use of differential
solvents (that dissolve one component better than another). High-boiling point solvent additives
such as alkanedithiols (see Chapter 8 and Ref. [79]) have been shown to dramatically improve
OPV performance when added to the host-solvent during spin-coating. Exposing a blend film
to these substances during vapour annealing may help to understand their effect.
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Chapter 5
Planar heterojunction organic
photovoltaic diodes via a novel
stamp transfer process.
5.1 Abstract
Solution-processed, planar heterojunction organic photovoltaic diodes offer several potential ad-
vantages over bulk heterojunction structures in relation to electrode selectivity, reduced dark
currents and suitability for fundamental studies. They have, however, received less interest
in recent years, in large part due to fabrication difficulties encountered for sequential solution
deposition steps. In this chapter, a novel stamp transfer technique that allows ready fabrica-
tion of planar heterojunctions from a variety of solution processed organic materials is applied
to construct bilayer heterojunctions from P3HT and PCBM. We show that whilst ‘as made’
planar heterojunctions yield relatively poor photocurrent generation (compared to equivalent
bulk heterojunction devices), thermal annealing improves their performance via creation of a
diffuse mixed P3HT:PCBM interface layer. Good device performance with the anticipated low
dark current is then achieved. Spectroscopic ellipsometry allows us to monitor the changes in
the interface layer that result from annealing. By modeling the external quantum efficiency
spectra we show that they are consistent with the ellipsometry data and produce estimates of
the exciton diffucion lengths in P3HT and PCBM. Furthermore, it is shown that good device
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performance is strongly dependent on the P3HT and PCBM layer ordering with respect to the
electrodes, confirming the important role of electrode selectivity. Melting of ‘incorrectly’ or-
dered planar-heterojunction devices (with donor next to the high workfunction electrode and
acceptor next to the low workfunction electrode) leads to the formation of bulk-heterojunction
devices, thereby recovering much of the desired performance. In addition, good performance of
planar heterojunction photovoltaic devices is found where P3HT is replaced with a low-band
gap conjugated polymer.
5.2 Introduction
Introduced in Chapter 2, the bulk heterojunction has to date been the most successful donor
acceptor structure for organic photovoltaic diodes [1–3]. Simultaneously depositing both donor
and acceptor as a single mixed layer creates a large and distributed interface for exciton dissoci-
ation which compensates for the limited exciton diffusion length in organic semiconductors and
thereby leads to efficient photocurrent generation and power conversion efficiencies (PCE) of 4
- 5 % [4–7]. The bulk heterojunction also meets the requirements for ease of processing since it
can be processed as a single layer. However, it is hard to control formation of the interconnected
pathways within each of the electron donor and acceptor materials required for efficient and
selective charge carrier transport to the appropriate collection electrodes. Consequently, this
structure may be associated with increased losses through charge carrier recombination and an
increase in leakage currents relative to planar heterojunctions.
In contrast to bulk heterojunction device structures, planar bilayer heterojunctions, whereby
layers of donor and acceptor materials are deposited sequentially with a planar interface, have
a smaller donor-acceptor interface area for exciton dissociation but they have better defined
pathways for charge collection. Many such devices have been fabricated with either or both
of the layers deposited using thermal evaporation, and PCE values of almost 3 % have been
reported [8–13]. Devices based on hybrid structures incorporating both planar heterojunctions
and mixed layers can perform better and have displayed maximum conversion efficiencies in
the region 4 - 5 % [9, 10, 14]. There have, in contrast, been relatively few reports of solution-
processed planar heterojunction OPVs, a situation that may be attributed in large part to a lack
of convenient deposition methods that avoid disruption of existing layers by each subsequent
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deposition. Such structures are nevertheless of keen interest due to their potential as high
performance devices and as a testbed to further study organic-semiconductor physics, especially
the nature and role of organic-organic interfaces.
Previously, solution processed planar heterojunctions of conjugated polymers have been fab-
ricated via the use of ‘orthogonal’ solvents for each layer [15], ink-jet printing [16], the use of
a precursor route or cross-linkable material that can be rendered insoluble before solution de-
positing a second layer on top [17] or by an aqueous ‘float-off’ lamination technique [18]. Here,
we use a recently reported soft stamp transfer technique [19] to create solution-processed planar
heterojunctions. The principle of the method is to use a poly(dimethylsiloxane) (PDMS) stamp
to transfer a solid organic film on top of an existing spin-coated layer. Figure 5.1 is a schematic
diagram representing this process. It should be noted that PDMS stamps are widely used in
standard micro contact printing techniques largely because of their ability to make conformal
contact with surfaces they are placed onto. In order to transfer a polymer film from the PDMS,
optimisation of the relative adhesion between the layer-substrate and layer-stamp interfaces, and
the rigidity of the transferred layer is required. If necessary, this can be achieved by means of
an adhesion/rigidity controlling agent and/or a heating step close to the glass-transition tem-
perature of the polymer. A more detailed description of this method may be found in Ref. [19]
and further information on the protocol used is given in Section 5.3. We note also that a related
technique was recently reported, requiring however the use of a sacrificial, water soluble release
layer during the transfer step [20].
In this paper, the stamp transfer method is principally applied to fabricate heterojunctions
of poly(3-hexylthiophene) (P3HT) (as an electron donating material) and the fullerene deriva-
tive, [6,6]-phenyl C61-butyric acid methyl ester (PCBM) (as electron acceptor). These materials
were chosen primarily because they have shown success in bulk-heterojunction devices and their
electronic and structural properties are well known. The stamp transfer technique described
here is applicable to a much wider range of materials [19] however, and in order to demonstrate
this ubiquity we have fabricated planar heterojunction devices using the low-band gap elec-
tron donating polymer poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-
alt-4,7-(2,1,3-benzothiadiazole)], (PCPDTBT) [21,22] together with PC71BM.
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Figure 5.1: Schematic diagram showing the stages of producing a planar heterojunction using
the stamp transfer process; (i) the bottom layer is deposited onto a substrate (via spin-coating),
(ii) the layer to be transferred is prepared on the PDMS stamp (via spin-coating) and is placed
gently on top of the substrate, (iii) the PDMS stamp is then removed leaving the second layer
behind.
5.3 Experimental details
The materials we have used in device fabrication are; Baytron P, Poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS), from H.C. Starck GmbH, P3HT (regioregularity; 94.4%,
molecular weight; 26.0kDa, polydispersity; 2.0) from Merck Chemicals. PCBM and PC71BM
also from Merck Chemicals were used as received without further purification. PCPDTBT was
provided by Konarka, Austria.
For P3HT, PCBM devices, chlorobenzene solutions comprising pristine materials P3HT (30
mg/ml) and PCBM (50 mg/ml) were prepared for planar heterojunction fabrication and blend
solutions containing both P3HT (15 mg/ml) and PCBM (15 mg/ml) were prepared for bulk-
heterojunction fabrication. For PCPDTBT, PC71BM devices, chlorobenzene solutions compris-
ing PCPDTBT (30 mg/ml) and PC71BM (50 mg/ml, 30 mg/ml, 10 mg/ml) were prepared. All
solutions were spin-coated at 3000 rpm.
The PDMS stamps were prepared by casting a mixture of Sylgard 184 silicone elastomer (Dow
Corning) and a curing agent (10:1 ratio Sylgard:curing agent by mass). The two components
were stirred thoroughly in a beaker for thirty minutes and degassed in-vacuo for an hour before
being gently poured onto a 50 nm thickness Au-coated Si wafer, and cured at 70 oC in an oven
overnight. The PDMS stamps were peeled away from the Au-coated silicon wafer after cooling,
placed on a glass surface, and then cut into pieces (1.2 cm x 1.2 cm squares). The thickness of
the PDMS was typically 4 mm. The resulting PDMS stamp structures were lifted with tweezers,
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attached to glass backing plates, and placed within a plasma asher (EMITECH K1050X) for
surface treatment. The power was set to 30 W for 45 s and the working gas was air at 0.2 mbar
pressure. Polymer layers were then spin-coated onto the PDMS immediately following plasma
treatment.
Photovoltaic diode structures were fabricated via a combination of spin-coating and polymer
transfer printing using pre-patterned indium tin oxide (ITO) coated glass substrates (1.2 x
1.2 cm2 glass slides with an 0.8 mm wide ITO (25 Ω/square) stripe down the middle). The
ITO coated glass substrates (PsiOTc Ltd., UK) were cleaned in an ultrasonic bath (30 min)
using deionized (DI) water mixed with Decon 90 (20 %), and subsequently rinsed three times
with DI water, followed by sonication in pure DI water (30 min). They were finally dried
using compressed air. PEDOT-PSS was then spin-coated (50 nm thickness) onto the patterned
ITO/glass substrate and heated at 150 oC for 30 min. For planar heterojunctions the first
semiconductor layer was spin-coated. The second semiconductor layer was then transfer printed
according to the description given in reference [19]: Glycerol was not, however, used to assist
any of the transfer steps. Where a PCBM layer was transferred onto P3HT, no heat was applied
at any point during the transfer process. Where a P3HT layer was transferred onto PCBM the
sample was heated to 130 oC on a hotplate for 20 s in order to achieve complete transfer. Where
a PCBM layer was transferred onto PCPDTBT he sample was heated at 130 oC for 40s.
Cathode stripes comprising Ca (10 nm) with an Al (100 nm) cap were sequentially deposited
through a shadow mask using an Edwards 307A evaporator. The active photovoltaic diode area
(defined by the overlap between orthogonal ITO and Ca/Al stripes) was 1.5 x 3 mm. After
cathode deposition, the samples were transferred into a N2 atmosphere glove box (O2 < 0.1
ppm, H2O < 1 ppm) for annealing and testing.
Dark- and photo-current density vs voltage (J-V) characteristics were measured under sim-
ulated Air Mass 1.5 illumination at 1 Sun intensity using a Keithley 238 Source Measure Unit
connected to a computer via a GPIB interface. The light source used was a 300 Watt xenon
arc lamp solar simulator (Oriel Instruments) and the intensity was calibrated using a silicon
photo-diode pre-calibrated at the National Renewable Energy Laboratory (NREL), USA. For
external quantum efficiency measurements, the monochromated (Bentham) output from a tung-
sten halogen source was used for illumination and the polymer photovoltaic diode response was
calibrated using a Newport UV-818 photodiode.
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Polymer films for absorption spectroscopy and ellipsometry were prepared as described above
for photovoltaic diode fabrication but on cleaned Spectrosil B, quartz substrates (Kaypul Optics
Ltd.) rather than on PEDOT-PSS layers on patterned ITO coated glass substrates. Variable
Angle Spectroscopic Ellipsometry (VASE) was carried out using a SOPRA rotating polariser
(GESP 5) ellipsometer. Three incidence angles were recorded (close to the Brewster angle of
each sample), with the wavelength scanned from 250 to 850 nm (5 nm steps). Analysis of the
ellipsometry data of the pristine materials followed the Standard Critical Point (SCP) model [23],
with 3 and 5 peaks used to describe the dielectric functions of PCBM and P3HT, respectively.
To fit the bilayers, a range of model structures were evaluated and the best was selected, based
on the resulting standard deviation of the fit and the physical plausibility of the values produced.
Absorption spectra were measured at normal incidence using a UV-visible spectrophotometer
(V-560, Jasco).
5.4 The effect of thermal annealing
Figure 5.2 shows current density vs voltage characteristics under illumination before and after
thermal treatment of a typical planar heterojunction device comprising Glass/ITO/PEDOT:PSS/
P3HT (≈ 60 nm)/PCBM (≈ 60 nm)/Ca/Al. It is evident that the untreated device performs
poorly as a solar cell with a low power conversion efficiency of ≈ 0.05 %. This is due to both a
small open circuit voltage and a small short circuit current. Upon heat treatment at 140 oC for
10 minutes in a dry nitrogen atmosphere (glove box), there is a significant improvement in both
short circuit current and open circuit voltage leading to an increased power conversion efficiency
of ≈ 1.6 %. Previously, improvements in performance for bulk heterojunction devices upon
thermal annealing have been attributed to several factors including increases in crystallinity
leading to an enhanced absorption coefficient and higher charge carrier mobility, better forma-
tion of percolating pathways for more effective charge transport and collection, and changes
in vertical phase segregation promoting electrode selectivity [4–7, 24–29]. The crystallinity of
both P3HT and PCBM is inhibited when they are cast from solution in a mixed film such that
the crystallinity of the blend is increased significantly upon heat-treatment [28]. This does not
happen in planar heterojunctions where each material is deposited separately, as is evident from
the absorption spectra of Figure 5.2b where the long wavelength shoulders indicative of P3HT
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Figure 5.2: (a) Current density vs voltage characteristics under illumination for a typical
P3HT/PCBM planar heterojunction device before (solid line) and after (dashed line) anneal-
ing. (b) External quantum efficiency (EQE) and absorption spectra before (EQE: empty circles,
Absorption: solid line) and after (EQE: filled circles, Absorption: dashed line) annealing. (c)
Schematic diagram of planar hetero-junction model used in ellipsometric data fitting. Structure
consists of pristine P3HT layer with thickness t0, PCBM:P3HT blend layer with PCBM concen-
tration c1 and thickness t1, PCBM:Air blend layer with PCBM concentration c2 and thickness
t2.
crystallinity [4, 30, 31] are already present in the unannealed film spectrum. Consequently, an
increase in the absorption coefficient is unlikely to be able to explain the improved efficiency of
the devices after annealing. Increases in charge carrier mobility in pristine P3HT and PCBM
upon annealing may, in principle, contribute to the improvement in device performance upon
annealing. However, whilst hole mobility enhancement has been observed through annealing in
P3HT [32–34], these increases are not consistently found for the conditions employed here (10
min, 140 oC). Given the small thickness of the P3HT layer used here and the relatively high mo-
bility of P3HT (even without annealing) and the low importance of mobility in bilayers (where
charge recombination is reduced relative to bulk heterojunctions), we conclude that mobility
enhancements are insufficient to explain the observed large improvement in photocurrent. In
addition, no evidence for annealing-induced mobility enhancement has been found in pristine
PCBM [35,36].
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An alternative explanation for the improved performance upon annealing is that it arises from
a modification of the organic-organic interface in the device. The glass transition temperatures of
both P3HT and PCBM are in the region of 50 oC (see Figure 6.1 in Chapter 6). As was discussed
in Section 2.1.3, it can be expected that annealing at 140 oC will lead to enhanced molecular
mobility and a high crystallisation rate, since this temperature lies midway between Tg and Tm.
In a blend, P3HT and PCBM tend to phase separate at 140 oC driven by the crystallisation of
each component. We suggest here that the initially abrupt interface between PCBM and P3HT
becomes more diffuse during annealing driven by normal entropic principles. This proposal is
supported by the results of spectroscopic ellipsometry measurements. Spectroscopic ellipsometry
is a useful technique for determining layer structure within organic films and has previously
been used to demonstrate vertical segregation in P3HT/PCBM bulk-heterojunction films [29].
Ellipsometric scans were performed in the wavelength range 250 - 850 nm for three incidence
angles. A number of model structures were evaluated with the goal of minimizing the standard
deviation between model and data whilst using a limited number of free parameters. Examples
of models evaluated include a pure bilayer and a bilayer with a P3HT:PCBM diffusion interlayer
(Bruggemann mixing), with and without a PCBM layer on top. Comparison of the models was
performed in terms of the standard deviation of the fits to the experimental ellipsometric data,
as well as how physically meaningful the deduced parameters were. All of the models had
a small and comparable number of fitting parameters [4–6]. The model structure which we
selected consists of a P3HT bottom layer covered by a mixed layer of PCBM and P3HT, with a
mixed layer of PCBM and air (shown schematically in Figure 5.2c). The mixed PCBM:air layer
provides a useful way to factor in surface roughness and has been described elsewhere [29]. This
model yielded low standard deviation fits with both the non-annealed and annealed structures
(standard deviation 2.56 x 10−3 and 1.28 x 10−3 respectively). Care was also taken to check
that the results give physically plausible values. In addition, the ellipsometry analysis was
repeated for several independent samples to confirm the reliability of the results (our ellipsometry
technique is discussed further in the experimental section).
Table 5.1 displays the results of fitting our ellipsometric data, namely the deduced thickness
of each layer and the PCBM volume fraction within the two mixed layers. Before annealing, the
P3HT layer thickness is found to be 63 nm. The mixed P3HT:PCBM and PCBM:air layers are
both found to have high PCBM contents (> 90 %) and a combined thickness of 68 nm (since
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both these layers have similar compositions their individual thicknesses are not significant). This
fit is further supported by the good fitting (stndard deviation 3.36 x 10−3) of a more simple
two layer P3HT/PCBM structure with thicknesses 65 nm / 63 nm respectively. These results
show that initially there is a well defined, essentially bilayer, planar-heterojunction. The small
amount of intermixing modelled within the P3HT:PCBM layer (i.e. 1 - c1 = 9 ± 2 % P3HT
content) is plausibly a simple result of the initial roughness of the P3HT layer that is readily
seen in AFM images [32]. The layer thicknesses (t0 and (t1 + t2)) found for the two layers are
consistent with those expected from independent profilometry and ellipsometry measurements
of pristine films spin-coated from solutions of the same concentration.
Parameter Unannealed Annealed
c2 93 ± 2 % 80 ± 2 %
t2 41 ± 3 nm 33 ± 3 nm
c1 91 ± 2 % 42 ± 2 %
t1 26 ± 3 nm 61 ± 3 nm
t0 63 ± 3 nm 63 ± 3 nm
Table 5.1: Parameters deduced from ellipsometry data for a simplified three level model of the
planar heterojunction structures (c.f. Figure 5.2c): Layer thicknesses (t0, t1, and t2) and mixed
layer PCBM volume concentrations (c1 and c2) are given for both unannealed and annealed (10
min at 140 oC) devices. Errors given are estimated from the variation found between various
model structures.
After annealing, the modelled thickness of the bottom P3HT layer decreases significantly
while the modelled P3HT content and thickness of the mixed P3HT:PCBM middle layer both
increase. This supports the suggestion that inter-diffusion occurs at the interface. Given the
small molecule nature of PCBM, it is likely that it is PCBM that drives this intermixing. We
note that the modelled air content of the upper layer increases indicating a slight increase in
surface roughness. This may be due to crystal growth within the PCBM layer. We also note a
decrease in the total film thickness. This may be due to an infilling by PCBM of voids observed
in spin-coated P3HT films [11] which would also tend to enhance charge separation efficiency. A
recent study of blends of P3HT and titanium dioxide [37] nanorods found that annealing led to
an increase in photocurrent due to an improvement in interfacial contact. A similar effect may
also contribute to the behaviour observed here for P3HT/PCBM.
Figure 5.2b shows the external quantum efficiency spectra of the planar heterojunction device
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before and after annealing. It is clear that there is a general increase in quantum efficiency
upon annealing that is consistent with the improvement in device performance deduced from
J-V measurements. In addition, the shape of the spectral response changes markedly. Before
annealing, the wavelength contributing the most photocurrent is ≈ 360 nm, corresponding to
photogeneration in the PCBM component, whereas after annealing the peak is closer to ≈ 450
nm, corresponding to photogeneration in the P3HT.
5.5 Optical modelling of the external quantum efficiency and
determination of the exciton diffusion length
In an attempt to rationalise the external efficiency, we use a simple model to estimate the EQE
spectrum from the known optical absorption properties of the materials and the layer thicknesses
derived above. This consists in first calculating the fraction of the incident photon flux, Auseful,
that is absorbed within regions of the active layers where photoinduced charge separation can
occur. For blend regions with similar content of donor and acceptor we assume that all absorbed
photons lead to exciton dissociation. For pure layers of either component we assume that only
photons absorbed within an exciton diffusion length (LP3HT in the polymer and LPCBM in the
fullerene) of an interface with the other component lead to exciton dissociation. In computing
Auseful, we use a transfer matrix method to calculate the electric field as a function of position
within the layered structure for normally incident light. Each layer is discretised into 1 nm
thick elements and the absorptance within each element is calculated from the gradient of
the Poynting vector. The transfer matrix model is described elswhere [38] and is similar to
approaches used by other authors [26,39]. We then obtain the EQE by multiplying Auseful by a
factor Φ to account for losses due to interfacial recombination and light scattering, reflection and
absorption in window layers. As input, the model requires the thicknesses of each layer (namely
ITO (140 nm), PEDOT:PSS (70 nm), and the organic semiconductor layers (as obtained from
ellipsometry) and the complex refractive index as a function of wavelength for each material.
The complex refractive index data for ITO, PEDOT:PSS and PCBM were taken from Ref. [40]
and those for P3HT were obtained from spectroscopic ellipsometry [29]. The complex refractive
index for the blend was obtained using a Bruggemann approximation. We vary Φ, LP3HT and
LPCBM to find the best fit of the model to the measured EQE for the non-annealaed bilayer
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device, treating the two PCBM rich top layers as a single layer of pure PCBM of the appropriate
thickness to conserve absorbance. Here, since the PCBM and P3HT absorb in different spectral
regions, the comparison allows us to fit LP3HT and LPCBM independently once Φ has been
estimated. The layer thicknesses used are those obtained from spectroscopic ellipsometry as
given in Table 1. We then fit the model to the data for the annealed bi-layer device using
the layer thicknesses obtained via ellipsometry and the same values of Φ, LP3HT and LPCBM .
Effectively, the fitting of the model to the EQE data of the annealed bilayer allows to determine
the value of Φ. From this fitting procedure, we obtain a value of 3 ± 1 nm for LP3HT , 30 ± 10
nm for LPCBM and 0.4 for Φ. The exciton diffusion lengths are in reasonable agreement with
values deduced from other experiments [41–44] and although uncertainties remain, it is clear
that LPCBM is on the order of tens of nm and significantly larger than LP3HT .
Figure 5.3: Measured device external quantum efficiency spectra (circles data) compared with
theoretical spectra (solid lines) modelled for device structures identified by ellipsometry. The
spectra shown are for devices with an unannealed planar heterojunction (black, lower EQE
curves) and an annealed planar heterojunction (red, upper EQE curves).
The model results show good agreement with the experimental data (Figure 5.3) giving
basic confidence in the validity of the layer structure deduced by ellipsometric analysis and in
the simple optical description of its photoresponse. The good agreement between data and
model for both annealed and non-annealed structures supports the validity of the proposed
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structural changes deduced using ellipsometry. This therefore supports the explanation that the
observed improvement in device performance is a result of inter-mixing at the interface between
P3HT and PCBM. The analysis also shows that before annealing, a significant fraction of the
photocurrent arises from exciton generation in PCBM, since the EQE spectrum appears to be
dominated by PCBM absorption. The modelling indicates that this is a direct consequence of the
larger exciton diffusion length in PCBM than in P3HT. We note that the free parameters found
here are described with the degree of precision deemed suitable given the available experimental
data. This precision might be improved given more experimental data, such as that from EQE
measurements of bilayers of varying layer thicknesses. Nevertheless, the obtained values do
much to improve our understanding of this bilayer system. Given enough data, this technique
might be used, in conjunction with a numerical fitting procedure, to independently estimate
parameters such as the exciton diffusion length for new OPV materials.
The above analysis is supported by recent reports in the literature. Studies of of copper ph-
thalocyanine and buckminster fullerene (C60) systems have shown that a structure intermediate
between that of the bulk and planar heterojunctions, produced by incorporating three or more
layers of varying donor-acceptor composition, similarly improves efficiency [9,10,14]. Two publi-
cations by Drees and co-workers are of particular relevance for this study. These papers study the
effect of thermally annealing photovoltaic devices based on bilayers of C60 sublimed on top of
spin-coated poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV) [12] and
poly(3-octylthiophene) (P3OT) [13]. In both cases evidence was found for thermally induced
inter-diffusion between the two layers leading to an up to one order of magnitude improvement
in device performance. In another study, planar heterojunctions composed of spin-coated P3HT
and thermally evaporated C60 also showed a significant performance improvement upon anneal-
ing. Time-of-Flight Secondary Ion Mass Spectroscopy (TOF-SIMS) for these latter structures
confirmed that the organic-organic interface became broader and less distinct after anneal-
ing [11]. These earlier results therefore provide additional support for the conclusions reached
in this chapter.
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5.6 Comparison of planar heterojunction and bulk heterojunc-
tion organic photovoltaic devices
Figures 5.4a and 5.4b show current-voltage characteristics under illumination and in the dark
for an annealed device of the same layer structure and thicknesses as the device in Figure 5.2a
(but one with a higher short circuit photocurrent and power conversion efficiency). Also shown
for comparison are the same data sets for a bulk-heterojunction device with an active layer
of similar total thickness to the bilayer (≈ 100 nm). It is clear that planar heterojunction
devices can deliver short circuit current densities comparable with those for bulk heterojunction
devices although, at present, with a somewhat reduced fill factor. In addition, the planar-
heterojunction exhibits a significantly reduced dark current near |V | = 0. This may be attributed
to the beneficial blocking effect of the pristine (un-mixed) layers near each electrode on leakage
currents.
Figure 5.4: (a) Current density vs voltage characteristics under illumination and (b) in the dark
for a P3HT:PCBM bulk-heterojunction device (empty circles) (annealed 20 min at 140 oC) and
a P3HT/PCBM planar-heterojunction device (filled circles) (annealed 10 min at 140 oC).
5.7 Inverted planar heterojunction devices
Figures 5.5a and 5.5b show current density-voltage and EQE characteristics for a planar-
heterojunction device with an ‘inverted’ bilayer structure, namely Glass/ITO/PEDOT:PSS/
PCBM (≈ 60 nm)/P3HT (≈ 60 nm)/Ca/Al. The order of the PCBM and P3HT layers will
drive the photogenerated hole flux towards the low work function (Ca/Al) electrode and the cor-
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responding electron flux towards the high work function (ITO/PEDOT:PSS) electrode whilst
the built in bias drives the fluxes in the opposite direction such that both charge carrier types
encounter large energetic steps at the electrodes. As a result charge collection efficiency is ex-
pected to be reduced in relation to the ‘correctly’ ordered bilayer structure. In the device data
shown here, this is confirmed by the significantly smaller short-circuit current of the as fabri-
cated ’inverted’ structure (empty triangles) than that of the normal bilayer structure (see Figure
5.2a solid line). However, after thermal annealing at 140 oC for 10 minutes (filled triangles), the
performance of the inverse structure is remarkably improved with significant increases in both
short circuit photocurrent and open-circuit voltage. One possible explanation is that in the case
of the inverted bilayer, annealing leads to a substantial interpenetration of the layers leaving a
much higher probability for carriers to encounter percolating pathways leading to their correct
collection electrodes. We suggest that annealing causes sufficient inter-mixing of the organic
layers that charges dissociated at the organic-organic interface can be reasonably successfully
transported via interpenetrating P3HT and PCBM networks and collected. It should be noted,
however, that an alternative hypothesis has recently been proposed for an ’inverted’ bilayer
structure of pentacene and C60 [45]. It is proposed that the photocurrent in such a structure
arises from exciton dissociation by charge transfer at each of the organic-electrode interfaces
with the excess electrons generated at one electrode ands holes generated at the other electrode
subsequently recombining at the organic-organic interface [45].
In order to improve the photocurrent generation from the P3HT component we have applied
further heat treatments to the ‘inverted’ device. At 300 oC both P3HT and PCBM will be in a
liquid-melt phase [28] and we can therefore expect that during a short period (10 s) of annealing
at this temperature any crystalline regions will break up and large-scale intermixing will occur
between the layers. The device can then be quenched rapidly to room temperature to produce a
glassy blend active layer. The corresponding J-V characteristic is shown in Figure 5.5a (empty
circles). The poor performance of the device in this state is attributed to a reduction in the
absorption coefficient due to the glassy nature (and correspondingly negligible crystallinity) of
the active layer and to the lack of a developed interpenetrating network [28] with a suitable
vertical segregation profile [29]. The observed J-V curve is entirely consistent with that of a
typical ’melt-quenched’ bulk-heterojunction device [28].
If the quenched device is ‘re-annealed’ at 140 oC (Figure 5.5a, filled circles), a substantially
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Figure 5.5: Current density vs voltage characteristics for an ’inverted’ PCBM/P3HT planar-
heterojunction device subject to different thermal treatments (in sequence: 20 s at 130 oC, 10
min at 140 oC, 10 s at 300 oC and 10 min again at 140 oC). (a) Shows data under illumination
whilst (b) presents data in the dark. (c) External quantum efficiency (EQE) spectra for the
same device after 10 min at 140 oC (filled triangles), 10 s at 300 oC (empty circles) and a further
10 min at 140 oC (filled circles).
better performance is recovered. The much improved short-circuit current (higher than that of
the simply annealed ‘inverted’ planar heterojunction device) is in agreement with the effect of
annealing on spin-coated bulk-heterojunction films [4,5,28]. However, there is also an inflection,
or ‘kink’ in the J-V curve which has previously been related to inhibited charge collection at the
electrodes [46–48]. We believe that damage may occur to one or other of the electrodes during
exposure to elevated temperatures at 300 oC. This proposal is supported by previous studies that
show the conductivity of PEDOT:PSS drops significantly after annealing at temperatures above
250 oC [49] and also by the lack of diode behaviour (with significant rectification) in the dark
J-V after re-annealing (Figure 5.5b, filled circles) where an essentially symmetric characteristic
is seen under forward and reverse bias. Judging by the photocurrent density at reverse bias
(Figure 5.5a, filled circles), it is clear that the short-circuit current would be considerably greater
without this ‘kink.’ It is nevertheless evident that ‘inverted’ planar heterojunction structures
may be heat treated into bulk heterojunction structures with a concomitant improvement in
112
performance.
5.8 Planar heterojunction devices comprising PCPDTBT and
PC71BM
In order to assess the versatility of the technique we have extended the study of planar het-
erojunction devices to incorporate materials other than P3HT and PCBM. Poly[2,6-(4,4-bis-(2-
ethylhexyl) -4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7 -(2,1,3-benzothiadiazole)] (PCPDTBT),
is an electron donating conjugated polymer that has the potential to produce high performing
devices due to its low-band gap [21, 22]. Bulk heterojunction devices based on PCPDTBT
and PC71BM have resulted in power conversion efficiencies of over 5 % [50]. Figure 5.6 shows
the performance of a planar heterojunction device with the structure Glass/ITO/PEDOT:PSS/
PCPDTBT/PC71BM/Al. All devices are annealed at 130
oC for 40s during the tranfser process.
Figure 5.6: Current density - voltage characteristics for planar heterojunction photovoltaic de-
vices of the structure Glass/ITO/PEDOT:PSS/PCPDTBT/PC71BM/Al with PC71BM layer
thicknesses; ≈ 7 nm (solid), ≈ 12 nm (dashed), ≈ 30 nm (dotted). PCPDTBT for theses devices
is ≈ 40 nm. Also shown is the performance of a PCPDTBT:PC71BM (33 wt.-% PCPDTBT)
bulk heterojunction device (unfilled circles) (≈ 70 nm). J - V characteristics shown (a) under
illumination (Air Mass Index 1.5, 100 mWcm2) and (b) in the dark.
Good performance is observed for the device with a 30 nm PC71BM layer. In comparison
with a control bulk heterojunction device prepared under similar conditions, the short circuit
current observed under illumination is only slightly reduced. Furthermore, the dark current of
the planar heterojunction is significantly reduced. These differences are similar to what was
observed when comparing P3HT, PCBM bulk and planar heterojunction devices.
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Comparing planar heterojunctions with varying PC71BM layer thickness shows an increase in
short circuit current under illumination and a decrease in dark current with increasing PC71BM
thickness (Figures 5.6a and 5.6b). The dark currents show that the quality of the diode is
significantly reduced for the thinnest PC71BM layers. We attribute this effect to the quality
of the PC71BM layer. The layers with thickness ≈ 7 nm and ≈ 12 nm (determined using a
combination of ellipsometry and profilometry) are very thin and it is likely that they do not
provide complete coverage of the PCPDTBT underlayer. This will result in a reduced interface
for exciton dissociation, thus reducing the short circuit current under illumination, and increase
the likelihood of short circuits (pin holes) which allow for leakage currents and an increase in
dark current.
5.9 Conclusions
In conclusion, we have shown that the performance of as-prepared, planar heterojunction P3HT
/PCBM photovoltaic diodes is driven to a large extent by absorption of photons in the PCBM.
Improved performance is then dependent on void infilling and intermixing at the organic-organic
interface through thermal annealing. Once sufficient intermixing between the layers has been
achieved, the photocurrent of the planar-heterojunction becomes comparable to that of an equiv-
alent P3HT:PCBM bulk heterojunction device but with the planar heterojunction structure ex-
hibiting a significantly reduced dark current (advantageous for photodetector applications where
dark current can set the limit of detection). Inverting the layer ordering of donor and acceptor
materials results in reduced performance but good performance can subsequently be recovered
by melt processing, confirming the important role of electrode selectivity for optimum power
conversion efficiency.
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Chapter 6
Microstructure and Composition in
Bulk Heterojunction OPVs
6.1 Abstract
We propose a simple rationale for selecting the optimum composition of crystalline/crystalline
polymer/small molecule blends based on the phase behaviour of these systems. By performing
differential scanning calorimetry (DSC), we find that many binary systems commonly used in
bulk heterojunction organic solar cells feature simple eutectic phase behavior, and that the
optimum composition for device performance is slightly hypoeutectic when expressed in terms
of the polymer component. In accord with classical understanding of eutectic solidification,
these blends feature a finely phase-separated matrix surrounding primary crystals of the small-
molecular species. The combination of large interfacial area and component connectivity yield
a desired microstructure for use in bulk-heterojunctions. We perform a range of complimentary
measurements such as absorption spectroscopy, optical microscopy, device characterisation and
X-Ray diffraction to support our conclusions. We also examine other binary systems that are
not eutectic and discuss what may be learnt from their phase diagrams. We show how the phase
diagram can be used as a predictive tool when designing new OPV systems.
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6.2 Introduction
This chapter describes a body of work that was carried out in collaboration with researchers at
ETH Zurich and Queen Mary, University of London, principally with Dr. Christian Mu¨ller, Dr.
Nathalie Stingelin-Stutzmann and Prof. Paul Smith along with colleagues at Imperial College.
Composition appears to have a significant effect on molecular order, microstructure and
hence performance in polymer:small molecule blends [1–3]. The optimum donor-acceptor ratio
for maximising power conversion efficiency can vary significantly for different material systems
which means laborious optimisation is required for new materials [1–5].
For a binary blend of non-interacting donor and acceptor components, optimum photocur-
rent generation should result for the optimum compromise between (i) high light absorption,
achieved by maximizing the volume fraction of the component with the stronger absorption
in the visible (usually the polymer in a polymer/small molecule bulk-heterojunction device),
(ii) efficient charge separation, realized by maximizing the donor-acceptor interface area, and
(iii) balanced charge transport, accomplished by compensating any imbalance in mobility by
the volume available for charge conduction, provided that both components form percolating
structures [6, 7].
However, this view does not allow for the effects of compositional changes on molecular order
and microstructure, and hence on the optoelectronic material properties. In practice, photocur-
rent is maximized in many donor/acceptor systems at compositions quite different from those
expected on the simple basis given above; the deviations are commonly attributed to changes
in ‘morphology’. For instance, the large fullerene content needed to optimize photocurrent in
several polymerfullerene systems has been correlated with an unexpected increase in hole mo-
bility upon fullerene addition [1, 4, 8, 9]. Another issue is the effect of processing on the degree
of order (crystallinity) of the macromolecular phase, and, therefore, on the red light absorption
and hole transport in P3HT:PCBM blend films leading to variability in the absorption [10, 11]
and charge transport [12,13] at a given composition. In addition, processing- or solvent-induced
variations in microstructure, which affect the interfacial area available for charge separation for
any given blend composition, have been reported to strongly affect photocurrents measured in
such blend devices [14–16].
Because of the variety of mechanisms by which composition appears to influence photocurrent
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generation, no rationale has yet been proposed to predict the optimum composition or processing
route for a given materials combination for bulk-heterojunction devices. This chapter does not
describe a novel means of influencing the microstructure per se (although it does introduce
the process of melt-quenching), but it does demonstrate a unique relationship between the
composition dependence of photocurrent generation and microstructure, controlled by the phase
behaviour of the two crystalline components. On this basis we are able to propose a guiding
criterion for bulk-heterojunction materials design.
On a broader level, this chapter gives an example of how basic concepts from materials
science (some of which are described in Chapter 2) can be highly useful in understanding organic-
semiconductor physics.
6.3 Experimental
(i) Materials: P3HT (Mn = 14 kg mol−1, Mw = 22 kg mol−1, regio-regularity ≈ 96%) was
kindly supplied by Merck Chemicals, UK. PCBM, PC71BM and BisPCBM were obtained
from Solenne BV. P3BT (Mw = 8 kg mol−1) and P3DDT (Mn = 35 kg mol−1, Mw = 49
kg mol−1) were purchased from Sigma Aldrich. Vinazene was supplied by Alan Sellinger
of IMRE, A-STAR, Singapore.
(ii) Sample preparation: Powders of blends (denoted as polymer wt.-%) were produced for
thermal analysis and X-ray characterisation by preparing homogeneous solutions of ≈ 1
wt.-% total material content in chlorobenzene, followed by drying at ambient. Thin films for
optical microscopy were cast from homogeneous solutions of 1 wt.-% total material content
in chlorobenzene onto glass slides, followed by evaporation of the solvent at ambient. Thin
films for UV-vis spectroscopy and ellipsometry were spin-coated on quartz slides (2000
rpm). Photovoltaic devices were fabricated on PEDOT:PSS coated (spin-coated from
Baytron P solution, H. C. Stark GmbH, and treated at 140 oC for 60 min, thickness ≈ 70
nm) patterned ITO-coated glass substrates (PsiOTc Ltd., UK). Active layers were spin-
coated from homogeneous solutions of ≈ 6 wt.-% total material content in chlorobenzene
(thickness 140 nm unless stated otherwise). Aluminium top electrodes were deposited
under vacuum (thickness 80 nm). All thermal treatment was carried out under dry
nitrogen atmosphere.
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(iii) Thermal analysis (carried out at ETH Zurich): Differential scanning calorimetry (DSC)
was conducted under nitrogen at a scan rate of 10 oC/min with a Mettler Toledo DSC822
instrument. The sample weight was ≈ 10 mg. The stated eutectic transition temperatures
were taken to be the peak maxima in the respective thermograms. The end melting
temperatures were taken from the complete dissolution of primary crystals observed optical
microscopy as well as the end of maxima in the thermograms. Crystallization temperatures
were deduced from the onset of the crystallisation minima in the relevant exotherms.
(iv) Optical microscopy (performed at ETH Zurich): Transmission optical microscopy was
carried out with a Leica DMRX microscope equipped with a Mettler Toledo FP82HT hot
stage that was continuously flushed with nitrogen.
(v) Photovoltaic device characterisation: Current density - voltage characteristics were mea-
sured in nitrogen atmosphere under simulated Air Mass 1.5 illumination (intensity as stated
in figure captions) using a Keithley Source Measure Unit. The light source used was a 300
Watt xenon arc lamp solar simulator (Oriel Instruments) and the intensity was calibrated
using a silicon photo-diode pre-calibrated at the National Renewable Energy Laboratory
(NREL), USA.
(vi) Absorption: Absorption spectra were recorded using a ATI Unicam IV UV-vis spectropho-
tometer.
(vii) X-ray diffraction: Transmission wide-angle X-ray scattering (WAXS) was carried out at
ETH Zurich with an Xcalibur PX instrument (Oxford Diffraction) using MoKα-radiation
(λ = 0.07093 nm).
6.4 Phase diagram for the P3HT:PCBM binary system
The phase diagram for the P3HT:PCBM system is evaluated using differential scanning calorime-
try as described in Section 3.3. Heating thermograms were performed at a range of P3HT:PCBM
weight fractions and are shown in Figure 6.1, left panel. The thermograms are translated into a
phase diagram (shown in Figure 6.1, right panel) by recording the melting temperatures of each
component. Re-crystallisation temperatures were deduced from cooling thermograms (Figure
6.2) and are marked with a cross.
124
Figure 6.1: Phase behavior of P3HT/PCBM. DSC heating thermograms (left) and correspond-
ing (non-equilibrium) temperature/composition diagram of the P3HT:PCBM system (right)
featuring simple eutectic phase behavior (peak eutectic temperature, Te ≈ 205
oC; eutectic
composition, ce 65 wt.% P3HT). Liquidus (dotted) lines were constructed from end dissolution
temperatures of the excess component and end melting temperatures of the neat components.
Crosses represent the onset of recrystallization; highlighted areas in this and following figures
indicate range of composition of optimum device performance. DSC measurements performed
by Dr. Christian Mu¨ller at ETH Zurich.
It can be seen from Figure 6.1, right panel, that the melting temperatures of pristine P3HT
and PCBM are found to be 240 oC and 290 oC respectively. As amounts of the second compo-
nent are added, the melting temperature of the majority component begins to reduce whilst the
melting temperature of the second component remains relatively fixed. This leads to a composi-
tion where the melting temperature of both components are equal, when the trend swaps over.
This trend of melting point depression is known as eutectic behaviour, and is exhibited in many
inorganic binary systems [17,18].
The composition at which both components have the same melting temperature is defined
as the eutectic composition (ce). The value of the blend composition relative to ce determines
the type of microstructures that will form. If a blend at ce, for example, is cooled from the
melt, then both components will solidify at the same temperature, the eutectic temperature
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(Te), which results in a very finely intermixed structure. At concentrations that are hypo- or
hyper- eutectic (c < ce and c > ce, respectively), primary crystals of the excess component
are formed upon cooling from the liquid phase at temperatures in the range Tm > T > Te,
where Tm is the melting point of the excess component at that composition. This is followed
by the simultaneous solidification of both components below Te, resulting in (often coarse)
structures of one component surrounded by a fine matrix of both constituents at the eutectic
composition [17–20].
Figure 6.2: Glass formation of P3HT:PCBM. (Left) Differential scanning calorimetry thermo-
grams recorded during cooling at a rate of 10 oC/min and (right) temperature/composition
diagram constructed therewith. DSC measurements performed by Dr. Christian Mu¨ller at ETH
Zurich.
The precise structure formed is also expected to be dependent on the rate of cooling. This is
found to be the case in P3HT:PCBM as shown by the cooling thermograms of Figure 6.2. The
figure shows that there is a range of composition values, particularly at high PCBM fractions,
where there are no apparent exotherms associated with crystallisation, at a cooling rate of 10
oC per minute. This means that even at this relatively slow cooling rate, P3HT:PCBM blends
generally form glassy structures. This is supported by UV-Vis data of spin-coated P3HT:PCBM
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films (50 wt.-% P3HT) which show that the vibronic peaks associated with ordering (see Chapter
4) are not present after quenching the blend from the melt (at a cooling rate >> 10 oC/min),
but re-appear after annealing at 140 oC (see Figure 6.3).
Figure 6.3: UV-vis spectra for P3HT:PCBM blends (50 wt.% P3HT) spincoated on quartz
substrates for the following sequential annealing steps: (i) spin coated from solution; (ii) treated
at 140 oC for 45 min; (iii) quenched from the melt at 295 oC; (iv) treated at 140 oC for 45 min
after quenching from the melt. In order to show relative changes in absorption intensity the
spectra are recorded under indentical conditions and are not normalised. The strength of the
vibronic peaks is clearly reduced upon melt quenching and partially regained upon re-annealing.
Upon heating, the P3HT:PCBM blends crystallise more readily. Figure 6.4 shows the various
structures that may form in P3HT:PCBM blends at various compositions during heating. The
images show that the formation of primary crystals of PCBM occurs for concentrations c < 60
wt.-% P3HT, (hypo-eutectic) but not at higher P3HT concentrations. This is consistent with
observations elsewhere [21]. These primary crystals then begin to dissolve between 205 oC and
290 oC with the precise temperature depending on the composition, in accordance with the phase
diagram of Figure 6.1. The melting of P3HT can also be identified in the optical micrographs
of Figure 6.4 via a distinct red-yellow transition as a result of a loss of absorption in the red
spectral region (Figure 6.3). In all hypo- eutectic blends this is seen to occur at 205 oC. The
images of Figure 6.4 therefore serve to support the picture described by the DSC thermograms,
since the structures observed agree well with what is expected from an eutectic system.
127
Figure 6.4: Transmission optical micrographs of drop-cast, initially largely amorphous
P3HT:PCBM films, then heated to different temperatures. PCBM primary crystals develop
upon heating in blends comprising less than 65 wt.-% P3HT. Melting of P3HT was inferred
from the characteristic red/yellow transition observed at elevated temperatures, in good agree-
ment with the thermal analysis data presented in Figure 6.1. Optical microscopy performed by
Dr. Christian Mu¨ller at ETH Zurich.
6.5 Optimum composition for P3HT:PCBM photovoltaic de-
vices
We now attempt to relate the phase diagram (and its implications for microstructure) to device
performance. To this end, we have fabricated a series of devices at a range of P3HT:PCBM
compositions. Device performance in terms of short circuit current density (JSC) and power
conversion efficiency (PCE) are shown in Figure 6.5. Results are shown for devices that have
been subjected to a range of annealing steps. For devices that have been annealed at 140 oC
directly after spin-coating, the optimum composition appears to be in the range copt ≈ 50 - 60
wt.-% P3HT, which is in agreement with other studies [2,22]. This corresponds to a slightly hypo-
eutectic composition. In addition, we have measured the performance of devices after rapidly
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quenching from the melt at 290 oC to room temperature. This annealing step is expected to
result in amorphous or ‘glassy’ films (see Figure 6.3) and is performed so as to remove the large
variations in crystallinity of ‘as-spun’ films and the concominant variations on performance. Such
variations in crystallinity may arise from several factors such as slight differences in the rate of
solvent evaporation and the presence of agregates in the processing solution [16]. The optimum
composition for such ‘melt-quenched’ devices appears to be close to the eutectic composition
(copt ≈ ce). Figure 6.5 also shows that the optimum composition of the melt-quenched devices
after having been further annealed at 140 oC is once again in the range 50 - 60 wt.-% P3HT.
Figure 6.5: Dependence of short-circuit current density Jsc (left) and power conversion effi-
ciency (right) (under simulated solar illumination Air Mass 1.5, 71 mWcm−2) on P3HT/PCBM
blend composition for devices thermally treated at 140 oC after spin-coating (filled circles),
subsequently melt-quenched from 290 oC (open triangles), and then after further annealing at
140 oC (open circles). In accordance with previous reports, Jsc is optimized after annealing at
blend compositions comprising 50 to 60 wt.% of the polymer. Error bars represent estimated
percentage error based on comparison of similar devices.
Figure 6.6 shows the IV characteristics of devices with composition 50 wt.-% P3HT under
illumination for each of the three processing conditions included in Figure 6.5 as well as the
‘as spin coated’ device. As discussed in Chapters 2 and 4, the device performance improves
upon initial thermal annealing at 140 oC. The performance of the ‘melt-quenched’ devices is
significantly reduced with lower short circuit current and fill-factor. After ‘re-annealing’ at 140
oC, Jsc increases again. There is also the appearance of an inflection in the IV curve which was
discussed in the previous Chapter 5 and related to electrode degradation.
Because solutions of different P3HT:PCBM compositions result in different viscosities, we
expect slight thickness variations between devices in the series. The devices used in Figure 6.5 are
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Figure 6.6: Current density vs voltage characteristics under simulated solar illumination (Air
Mass 1.5, 100 mWcm−2) of photovoltaic devices made from spin-coated P3HT/PCBM (50 wt.%
P3HT) blends for the following sequential annealing steps: (1) spin coated from solution; (2)
treated at 140 oC for 45 min; (3) quenched from the melt at 295 oC; (4) treated at 140 oC for
45 min after quenching from the melt.
in the thickness range 140 ± 30 nm. In order to ensure that the observed trends in performance
are a result of composition rather than thickness we have fabricated a series of devices in the
range 90 nm - 250 nm for several compositions. Performance data for these devices is given in
Figure 6.7. For all thicknesses, optimum performance appears to occur at 50 - 60 wt.-% which
indicates that copt is more significantly affected by composition than thickness. In agreement
with a previous report [3], the optimum composition was found to shift to slightly lower P3HT
contents as the thickness of the device was increased. This trend is consistent with increased
demands on the transport properties of the PCBM network for efficient charge extraction from
thicker films, as discussed below.
The observation of a hypo-eutectic optimum composition in P3HT:PCBM blends can be
readily understood in terms of the structural features that result from solidification of eutectic
binaries. Given that exciton dissociation and charge separation occur at the donor-acceptor
interface, one requirement for efficient photocurrent generation is the maximisation of the donor-
acceptor solid-solid contact area [14, 23–26]. This would be achieved for blends of exactly the
eutectic composition, where a very finely phase-separated microstructure naturally develops
[17–20].
However, achieving high photocurrent additionally requires high light absorption and the
existence of percolating, conductive pathways for the collection of both electrons and holes. For
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the material systems studied here, where ce corresponds to an excess of polymer, higher light
absorption would be achieved with c > ce, but the benefit for a typical blend film of thickness ≈
200 nm is limited to an increase of less than 20% in the harvested photon flux (cf. calculation
of the extinction coefficient for various compositions in Ref. [27]).
Figure 6.7: Influence of film thickness on photovoltaic performance of P3HT/PCBM blend
devices. Short-circuit current density (left) and power conversion efficiency (right) (under sim-
ulated solar illumination; Air Mass 1.5, 100 mWcm−2) as a function of blend composition for
devices made from spin-coated P3HT:PCBM blends before (open symbols) and after (filled sym-
bols) annealing at 140 oC. Active layer thicknesses of 90 nm (squares) 140 nm (circles) and 250
nm (triangles) are compared.
Previous reports indicate that the balance of charge transport can be greatly improved by
moving to hypo-eutectic compositions [3, 28] as the electron mobility µe, in bi-component films
containing PCBM is strongly dependent on composition [1, 4]. For instance, µe for PCBM
mixed with either an inert polymer or a low electron mobility polymer is found to be 10−6 −
10−5 cm2V−1s−1 at PCBM content corresponding to the eutectic composition in P3HT:PCBM,
compared to > 10−3 cm2V−1s−1 for pristine PCBM and ≈ 10−4 cm2V−1 s−1 for P3HT [4,
29]. Therefore a strong composition dependence of electron transport in the fullerene phase is
expected at compositions close to ce.
This may perhaps be explained by the needle-like shape of the primary PCBM crystals
observed in the hypo-eutectic mixtures which is likely to have a considerable effect on the charge
percolation through the fullerene phase. In cases where the eutectic composition is fullerene
poor, an interpenetrating network of both species is formed only in hypo-eutectic mixtures, i.e.
when PCBM primary crystals are present (the polymeric component provides a network by the
very virtue of its entangled, macromolecular nature [30]).
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The observation that copt for glassy, melt quenched P3HT:PCBM devices is closer to ce than
for devices that have been treated and recrystallized at 140 oC (see Figure 6.5), may be explained
by a negative effect of PCBM addition on hole mobility (µh), sometimes observed in spin-coated
films before annealing [12]. Hereby µh can be reduced by orders of magnitude compared to the
pristine polymer, possibly due to the disruptive effect of PCBM on polymer chain packing in
such P3HT:PCBM blend films (see Figure 6.3 and X-RAY diffraction in Ref. [27]). Accordingly,
the composition for balanced transport should shift to higher c values compared to those of
annealed films, as was observed.
6.6 Phase behaviour and composition dependence of other poly-
thiophene:fullerene blends
In order to assess the generality of the apparent relation between copt and ce, the phase behaviour
of binaries comprising PCBM and two other poly(3-alkylthiophenes) (P3ATs) with varying alkyl
side chain lengths; poly(3-butylthiophene) (P3BT) and poly(3-dodecylthiophene) (P3DDT), was
determined. The phase diagrams for these materials are shown in Figure 6.8a/top panel.
Both P3BT and P3DDT exhibit eutectic behaviour, however with different eutectic com-
positions and temperatures. This arises largely due to the fact that the melting temperature,
Tm of P3ATs strongly depends on the length of the alkyl side chain; Tm(P3BT ) = 284
oC,
Tm(P3HT ) = 238
oC, and Tm(P3DDT ) = 169
oC. Consequently, Te for P3AT:PCBM binaries
decreases with increasing alkyl side-chain length, while ce increases.
As for the P3HT:PCBM blends, a series of devices was fabricated at different compositions
for both P3BT:PCBM and P3DDT:PCBM in order to relate device performance to the phase
diagrams. copt for both P3BT:PCBM and P3DDT:PCBM was found at a composition which is
slightly hypo-eutectic (see Figure 6.8a/bottom panel). This suggests that the correlation between
phase behaviour and photocurrent observed for P3HT:PCBM based devices is also applicable
here.
We note that copt for P3BT and P3DDT is more hypo-eutectic than for P3HT. This may
be due to the lower degree of crysallinity in P3BT and P3DDT as has been determined from
spectroscopic ellipsometry, DSC and WAXS data (shown in Ref. [27]). We propose that in
crystalline polymer-small molecule blends, crystallisation of the polymer expels the small mole-
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Figure 6.8: Correlation between temperature/composition diagrams and device performance for
a range of polymer/fullerene blends. The figure shows temperature/composition diagram (top
panels) and short circuit current density after annealing (bottom panels) as a function of blend
film composition for a) P3BT:PCBM (black), P3HT:PCBM (red), and P3DDT:PCBM (gray)
and b) P3HT:PCBM (red) and P3HT:PC71BM (gray) binaries. Jsc values were normalized to
the maximum measured for each material combination. For clarity, eutectic compositions are
indicated by arrows. Devices were characterized under simulated solar illumination (Air Mass
1.5, 100 mWcm−2). DSC measurements performed by Dr. Christian Mu¨ller at ETH Zurich.
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cular species, and that this aids formation of PCBM crystallites at compositions where c < ce.
Therefore for less crystalline polymers, a higher PCBM content is required for the PCBM to
form a percolating network in the film, so the optimum composition occurs at a more hypo-
eutectic composition. Another possible factor is that if the degree of crystallinity is less, there
is less of a driving force to create eutectic structures, since there is less co-crystallisation. The
amorphous/regio-random component of polymer will not obey eutectic behaviour as strongly,
and only the crystalline component will contribute to eutectic behaviour. The microstructure
will therefore be controlled less by the eutectic nature of the blend and more by other factors,
which may not be beneficial to device performance.
In support of this analysis is a recent study of a series of devices based on blends of PCBM
with P3HT of varying regio-regularity. Blends comprising less ordered P3HT of low regio-
regularity were reported to exhibit an optimum composition around 25 wt.-% P3HT compared
to 56 wt.% found in the same study for binaries comprising highly regio-regular P3HT [31].
We have also evaluated the phase diagram of P3HT blended with the C71-fullerene derivative,
PC71BM (Figure 6.8b/top panel). The eutectic composition, ce, for this binary was found
to be at a higher polymer fraction than in P3HT:PCBM, as is expected due to the higher
melting temperature of PC71BM when compared to that of PCBM; Tm(PC71BM) = 321
oC;
Tm(PCBM) = 290
oC. As for the P3HT:PCBM system, the optimum device composition was
observed to lie in the hypo-eutectic region (Figure 6.8b/bottom panel).
6.7 Non-eutectic donor-acceptor BHJ blends
We have shown that several polymer:small molecule blends used in BHJ solar cells exhibit
eutectic phase behaviour, and that where this occurs there is invariably a correlation between
the eutectic composition and the optimum device. We now briefly examine two polymer:small
molecule donor-acceptor blends that do not exhibit eutectic phase behaviour and discuss what
we can learn from their respective phase diagrams.
6.7.1 P3HT:Vinazene
The first chosen system comprises blends of P3HT with a novel electron accepting material,
Vinazene, a conjugated oligomer based on 2-vinyl-4,5-dicyanoimidazole moieties (see Figure
134
6.9a) reported in Ref. [32] (therein referred to as V-BT). This material is interesting because it
has a reasonable absorption coefficient in the blue spectral region which compliments absorption
from P3HT (Figure 6.9b) and may make a potentially significant contribution to photocurrent.
Figure 6.9: a) Chemical structure of Vinazene (V-BT), the 2-vinyl-4,5-dicyanoimidazole based
oligomer used in this study. b) Absprption spectra of spin-coated films of (i) Pristine Vinazene
and (ii) a blend of P3HT:Vinazene (50 wt.% P3HT). In order to show relative changes in
absorption intensity the spectra are recorded under indentical conditions and are not normalised.
Reasonable success has been achieved with this material (roughly 0.5% PCE with 50 wt.-
% P3HT [33]) but optimisation of microstructure is apparently difficult. Thermal annealing
of the blend film at low temperatures after spincoating improves performance although as the
temperature is increased above 100 oC very large phase-separated domains are observed and
performance degrades [33].
We have produced the phase diagram for this system using DSC as for the systems above.
The heating thermograms shown in Figure 6.10a clearly identify two melting points associated
with each species in the blend and these are plotted in the phase diagram in Figure 6.10b
(Tm(V inazene) ≈ 195
oC and Tm(P3HT ) ≈ 225
oC for 30 to 80 wt.-% polymer). It is clear
that there is no melting point depression in the composition range 30 to 80 wt.-% P3HT as was
observed for P3HT:PCBM. That the melting points of each species are unaffected by mixing
with the other component implies that Vinazene and P3HT are immiscible in the melt and the
two species readily phase-separate over this range of compositions (region L1 + L2 in Figure
6.10).
This, unfortunately, suggests that the two fractions will tend to form coarse, phase separated
structures, either directly during (solution) processing or upon thermal treatment (see Figure
6.11). Thermal annealing has been reported to improve photovoltaic device performance [33].
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Figure 6.10: 10 oC/min heating thermograms (a) and temperature/composition diagram (b)
for P3HT:Vinazene blends. Circles represent melting temperatures and crosses represent re-
crystallisation transitions. Dotted lines delineate liquid-solid (L - S) phase transitions.
Tempering at temperatures around 140 oC causes re-crystallization of solution-cast blends, which
may initially enhance charge transport, however, this performance will eventually degrade by
reduction of interfacial area as the size pf phase-separated domains continues to grow.
Figure 6.11: Transmission optical micrographs of solution-cast, P3HT:Vinazene films with 5
wt.-%P3HT (a) and 20 wt.-% P3HT (b). Phase separated, crystalline domains are observed for
blends with 20 wt.-% P3HT.
We have prepared P3HT:Vinazene devices at various polymer weight fractions. The perfor-
mance of the devices in terms of Jsc and PCE is shown in Figure 6.12 after thermal treatment
at 140 oC and after melt-quenching from 250 oC. The optimum composition does appear to shift
slightly between the two processing regimes but in a way that does not directly relate to features
Figure 6.12: Short circuit current density (Jsc) (a) and power conversion efficiency (b) for devices
based on P3HT:Vinazene blends. Devices annealed for 10 min at 140 oC (unfilled circles) and
melt-quenched from 290 oC (filled circles) are shown.
of the phase diagram. The optimum composition in this scenario is likely to be determined by a
balance of maximised interface area and charge transport. Since the small molecular species is
less likely to form a percolating network, it can be expected that optimum composition will be
≤ 50 wt.-% P3HT as observed. We also expect that stabilising the microstructure in this system
will be difficult given the tendency of the two components to phase separate. If an intermediate
degree of phase separation that delivers good performance is found, this microstructure is likely
to be unstable.
A strategy to improve microstructure with vinazene as an acceptor component might be to
combine it with a polymer other than P3HT, with which vinazene does like to mix, or, better
still, modifying vinazene chemically so that it is more compatible with P3HT. Another way to
influence the microstructure might be to use additives such as a surfactant to change the relative
interaction parameters of the two components, this will be discussed further in Chapter 8.
6.7.2 P3HT:BisPCBM
The second chosen system is the blend of P3HT with another fullerene derivative, ‘bisPCBM’,
which is the bisadduct analogue of PCBM (shown in Figure 6.13a). This molecule is interesting
for photovoltaic applications as it has a LUMO of 3.7 eV below vacuum level which is raised
approximately 100 meV above the LUMO of PCBM [34] (HOMO for bisPCBM = 6.1 eV). It
has recently been reported to lead to a power conversion efficiency of ≈ 4.5% with an optimum
composition fraction of ≈ 45 wt.-% P3HT after an annealing step of 5 min at 110 oC [34].
Here we perform DSC and transmission X-Ray analysis to try to explain the observed optimum
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Figure 6.13: a) Chemical structure of bisPCBM, the bis adduct of PCBM. b) Transmission,
wide angle X-Ray diffraction (WAXS) image of bisPCBM powder solidified from chlorobenzene
solution.
weight fraction and understand how microstructure may be improved.
Figure 6.14a shows thermograms from first heating of P3HT and bisPCBM at various weight
fractions. As the content of bisPCBM in the blend increases, the temperature of the P3HT melt
transition clearly decreases from 240 oC for pristine P3HT to around 200 oC with 20 wt.-%
P3HT. A similar trend is also seen in re-crystallisation temperature in the cooling thermograms
(Figure 6.14b). Unlike PCBM in the P3HT:PCBM system however, there is no observed melt
tranisition or re-crystallisation corresponding to bisPCBM.
That no melt transition in bisPCBM is observed may be explained by the fact that bis-
PCBM appears largely amorphous. This is supported by wide-angle X-Ray diffraction of pris-
tine bisPCBM which shows an amorphous halo rather than sharp diffraction peaks indicative of
crystallinity (Figure 6.13b). The more complex structure of bisPCBM compared to PCBM is
likely to make stacking and ordering of these molecules more difficult. It is also reported that
BisPCBM consists of a number of regioisomers where the second addend may occur at various
points on the fullerene cage. This mixture of isomers will also hinder crystallisation.
The observed P3HT melting point depression shows that P3HT and bisPCBM are miscible
materials, which is a more promising scenario than the less-interacting P3HT:Vinazene system
described above. However, P3HT:bisPCbM is clearly not an eutectic system because of the lack
of crystallinity in bisPCBM. This means that neither an eutectic structure nor primary crystals
of the fullerene component will form which may make optimisation of the microstructure in
this system challenging. We have suggested that PCBM primaries play a role in percolation of
the small molecular species, so perhaps the higher fullerene content of copt in P3HT:bisPCBM
compared to P3HT:PCBM [34] is due to more fullerene being required for percolation.
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Figure 6.14: a) 10 oC/min heating thermograms (left) and temperature/composition diagram
(right) for P3HT:bisPCBM blends. Circles mark P3HT melting temperatures. b) 10 oC/min
cooling thermograms (left) and temperature/composition diagram (right) for P3HT:bisPCBM
blends. Circles mark P3HT re-crystallisation transitions.
Further analysis of such P3HT:bisPCBM blend microstructures and device performance is
required to fully describe the behaviour of this system however the phase diagram presented
here provides useful insight into the observed composition/performance dependence.
6.8 Non polymer:small molecule blends
We have not so far made a full study of a binary donor:acceptor blend that does not consist of
one polymeric component and a small molecule. Based on the findings given above, we can make
initial predictions as to what may occur in such systems. In many cases of polymer:polymer
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blends we expect large scale phase segregation (as was observed for P3HT:Vinazene). This is
because macromolecules have a tendency to phase separate in the liquid melt phase meaning
that the formation of a desirable interpenetrating microstructure will be complicated.
In binary systems of two small molecule components, inducing both species to form percolat-
ing network structures is also likely to be challenging. As we have seen with polymer:fullerene
blends, it appears that primary crystals aid in the percolation of the small molecule species.
Since it is possible to produce primary crystals in only one component, conventional processing
routes are unlikely to create percolating pathways in both components.
6.9 Conclusions
This section has introduced the concept of using the phase diagram to understand the origin of
the observed microstructure in donor:acceptor blends used in BHJ organic solar cells. For a range
of commonly used polymer:small molecule systems, we have proposed a rationale for the optimum
composition based on the observation of eutectic phase behaviour. This rationale may facilitate
the search for new donor-acceptor systems, improve understanding of blend device structures
and assist with the future design of novel material combinations and architectures. Similar
analysis might also provide useful insight for other opto-electronic applications comprising bulk
heterojunctions, such as low dark-current photodetectors and light-emitting transistors.
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Chapter 7
Tri -Component Blends
Incorporating Inert Commodity
Homopolymers for OPVs.
7.1 Abstract
We evaluate the performance of photovoltaic devices based on tri -component active layer blends
and attempt to apply some of the ideas discussed in previous chapters to explain the impact
of the matrix polymer on device performance. A range of techniques are used to study micro-
structure of the tri -component blends. We discuss the significance of using a semi-crystalline
rather than amorphous polymer matrix and demonstrate that P3HT:PCBMmixtures display ex-
cellent photovoltaic performance when blended with up to ≈ 40 wt.% of an inert semi-crystalline
commodity polymer.
7.2 Introduction
Previous chapters in this thesis have examined blend systems of two organic species, with at least
one being an active, semi-conducting material. We now turn our attention to a system where
the familiar and successful combination of P3HT and PCBM is mixed with a third component,
an inert polymer. Using an inert polymer matrix provides another means by which influence the
micro-structure of organic semiconductor films and investigate further the relationship between
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polymer physics and photo-physics. In addition to scientific study, there are several reasons why
such tri -component systems may be of interest to device applications;
• The novel micro-structure created by the incorporation of an inert polymeric component
may indeed enhance overall performance of the photovoltaic device, for example by aiding
the percolation of one or both of the active components in the film.
• If no absolute gain in performance is found by using the inert polymer, but performance
comparable to the bi-component system can be achieved in films of equal thickness, then a
simple cost-reduction may result from reduced material requirements. At present, organic
semiconducting material is expensive in comparison with commodity polymers.
• Both P3HT and PCBM are notoriously brittle materials. P3HT because of the commonly
employed low molecular weight polymer grades [1–3] (often preferred because of the good
solubility in benign organic solvents at ambient and the resulting ease of processing) and
PCBM simply because of its small-molecular nature. By blending the semi-conducting
components with an inert polymer that has good mechanical properties, the strength and
toughness of the active layer may be improved. This may be advantageous in applications
such as OPVs on flexible plastic substrates [4–6], that require mechanical robustness.
• Processing techniques found in the plastics industry that may be highly useful for manu-
facturing low-cost, large area devices may become available if a processible inert polymer
is used.
• Blends with inert polymers may permit tuning of the charge transfer between the opto-
electronically active species and offer enhanced environmental stability [7, 8].
• Macroscopic ordering of the conjugated species can be performed by mechanical stretch-
ing of the inert matrix polymer, which may improve electronic properties such as charge
transport [7].
In order to achieve the desired functionality, any opto-electronic:insulating tri -component
system will be required to offer percolation of both semiconducting fractions to allow efficient
charge transport to the electrodes, as well as sufficient connectivity of the inert matrix phase to
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provide for mechanical strength. There have been previous reports on such tri -component sys-
tems for OPVs as far back as 1999 [7,9]. These studies focused on the utilisation of amorphous
polymers, such as atactic polystyrene (a-PS), as matrix materials. Brabec et al., observed
a significant decrease in photovoltaic performance of devices comprising blends of MDMO-
PPV:PCBM (25:75 wt.-%) and a-PS with more than approximately 10 wt.% a-PS content,
i.e. when containing less than ≈ 70 wt.% fullerene [7]. This was attributed to the gradual loss
of percolation of the small-molecular (PCBM) component. In contrast, in the present study we
employ crystalline commodity polymers such as isotactic polystyrene (i -PS) and high-density
polyethylene (HDPE) as matrix materials. Bi-component blends containing a few weight per-
cent of regio-regular P3HT (or ≈ 20 wt.-% of small-molecular quaterthiophene) and HDPE have
previously been reported to permit efficient percolation of the semiconducting species, thus pre-
serving the high charge carrier mobility in the conjugated moiety [8, 10,11].
7.3 Experimental details
(i) Materials: P3HT (Mn = 14 kg mol−1, Mw = 22 kg mol−1, regio-regularity ≈ 96%) was
supplied by Merck Chemicals, UK. PCPDTBT was supplied by Konarka, Austria. PCBM
and PC71BM were obtained from Solenne BV, The Netherlands. i -PS and a-PS (both
Mw = 400 kg mol−1), as well as HDPE (Mw = 125 kg mol−1) were purchased from
Sigma Aldrich. All materials investigated in this study are of quasi-binary nature, con-
taining equal ratios of P3HT and PCBM (50:50 wt.%) or PCPDTBT and PC71BM (33:66
wt.%), as well as a varying insulator fraction, denoted (for example) as wt.-%:wt.-% (50:50
P3HT:PCBM):insulator.
(ii) Sample preparation: Powders for thermal analysis were solidified from homogeneous so-
lutions of ≈ 1 wt.-% total material content in trichlorobenzene at elevated temperatures
around 120 oC. A 120 m thick, straight tape was produced by additional hot-pressing at ≈
160 oC and subsequently curled up at ambient. Thin films for optical microscopy were cast
from homogeneous solutions of ≈ 1 wt.-% total material content in trichlorobenzene onto
hot glass slides, followed by evaporation of the solvent at ≈ 120 oC and subsequent heat-
treatment in a nitrogen flushed Linkham hotstage at various temperatures for ≈ 20 min.
Photovoltaic devices were fabricated on PEDOT:PSS coated (spin-coated from Baytron
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P, H. C. Stark GmbH, and treated at 140 oC for 60 min, thickness ≈ 70 nm) patterned
ITO-coated glass substrates (PsiOTc Ltd., UK). Active layers were spin-coated from homo-
geneous solutions of ≈ 1 - 2 wt.-% total material content in trichlorobenzene at elevated
temperatures on a substrate maintained above 150 oC (film thickness ≈ 100 nm unless
stated otherwise). Aluminum top electrodes were deposited via thermal evaporation under
vacuum (thickness ≈ 80 nm). All thermal treatment was carried out for 20 min in dry
nitrogen atmosphere.
(iii) Optical microscopy: Optical microscopy was carried out with a Leica DMRX microscope.
(iv) Device characterisation: Performed as described in Chapter 6. Lifetime measurements
were carried out by continuous measurement of J - V characeristics during exposure to 100
mWcm−2, AM 1.5 light in ambient conditions.
7.4 Photovoltaic devices based on blends of P3HT, PCBM and
amorphous or isotactic polystyrene.
As an initial set of experiments, we investigate the performance of photovoltaic devices contain-
ing regio-regular P3HT and PCBM in equal ratios (denoted as 50:50 P3HT:PCBM), blended
with a third, insulating component composed of either semi-crystalline isotactic polystyrene
(i -PS) or reference amorphous atactic polystyrene (a-PS). Photovoltaic devices were fabricated
using a range of different polystyrene contents in the active layer. The performance of the devices
was tested before and after ‘annealing’ at an elevated temperature, selected to be slightly above
the glass transition temperature, Tg, of polystyrene (Tg(PS) ≈ 95
oC), i.e. ≈ 120 oC, in order to
permit crystallisation of P3HT:PCBM as well as, in the case of i -PS, the insulator. In agreement
with multiple reports on P3HT:PCBM binary systems (see Chapter 4 and Refs. [12–16]), the
photovoltaic performance of all devices improved drastically after heat-treatment (Figure 7.1a).
As was found with the previous study of devices based on (MDMO-PPV:PCBM):a-PS blends
[7], (50:50 P3HT:PCBM):a-PS quasi-binaries displayed a significant decrease in photovoltaic
performance (in terms of the short-circuit current density, Jsc) at a content of 20 wt.-% a-PS
(Figure 7.1b). In contrast, blends comprising i -PS displayed a dramatically enhanced photo-
response at comparable compositions. For the various weight fractions of i -PS, current density -
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Figure 7.1: (a) Current density - voltage, J - V, characteristics under simulated solar illumination
(Air Mass 1.5, 100 mWcm−2) of 80:20 (50:50 P3HT:PCBM):PS recorded for devices containing
as-cast (dashed) and heat-treated (10 min, 120 oC) (solid) thin films for both a-PS (light grey)
and i -PS (dark grey). (b) J - V characteristics of devices comprising (50:50 P3HT:PCBM):i -
PS mixtures treated at 120 oC. (c) Short circuit current density of devices comprising (50:50
P3HT:PCBM) blended with different concentrations of a-PS (triangles) and i -PS (circles) before
(unfilled) and after (filled) thermal treatment at 120 oC. Dotted lines give a rough indication
the variation of short circuit current density with composition as indicated by the device data.
Device performance is maintained to higher insulator contents in the case of blends comprising
the semi-crystalline i -PS.
voltage characteristics of heat-treated devices showed a similar open-circuit voltage, Voc, whereas
Jsc decreased significantly only for blends with higher fractions of the insulating polymer; ≈ 40
wt.-% (Figures 7.1b and 7.1c). The observation that there is minimal loss of performance up to
a weight fraction of ≈ 40 wt.-% i -PS is interesting considering the drastic change in composition
of the film and the reduction in the amount of active material.
We attribute the sharp decrease in photovoltaic performance in both a-PS and i -PS blends
to the loss of percolation of at least one of the semiconducting components, this most likely
being the non-polymeric electron-acceptor, PCBM. Therefore, the better performance of devices
containing i -PS suggests that the crystalline nature of the insulator has a beneficial effect on
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the percolation of the semiconducting species, in agreement with previous studies [8, 10, 11].
7.5 Photovoltaic devices based on blends of P3HT, PCBM and
high density polyethylene.
Figure 7.2: (a) Current density - voltage characteristics, J - V, of devices comprising 60:40
(50:50 P3HT:PCBM):HDPE mixtures, directly after casting (dashed lines) and after treatment
(solid lines) at 120 oC (dark grey) and 145 oC (light grey). (b) Optical micrographs of 60:40
(50:50 P3HT:PC61BM):HDPE blends after treatment at 120 oC (left) and 145 oC right (taken
by Dr. Christian Muller at ETH Zurich) (c) Short circuit current density of devices comprising
(50:50 P3HT:PCBM) blended with different contents of HDPE before (unfilled circles) and after
(filled circles) thermal treatment at 120 oC. Multiple markers at a given composition represent
devices of varying active layer thickness. In general device performance was found to improve
with increasing thickness in the range 70 nm - 300 nm.
In order to assess the generality of the above observed phenomenon we have fabricated a sec-
ond set of devices with active layers containing 50:50 P3HT:PCBM and various weight fractions
of the (semi-)crystalline polymer, HDPE. Blends were deposited from solution at temperatures
above 150 oC, well above the melt temperature of HDPE, Tm(HDPE), around 130
oC in order to
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ensure good film quality. In previous studies that employed polyethylene of a similar molecular
weight, this procedure was demonstrated to yield HDPE-based thin films of a highly entangled
nature [8, 10, 11]. It is also worth noting that differential scanning calorimetry (DSC) heating
thermograms (not shown) revealed that the peak melting temperature of HDPE, Tm(HDPE),
was little affected by the P3HT:PCBM fraction for all compositions investigated (Tm(HDPE)
is found to be 130 oC for both pristine material and in blends). This indicates that HDPE is
largely immiscible with either semiconducting species, which suggests that in solid films, phase-
separated HDPE-rich domains surrounded by regions comprised of higher melting temperature,
fine-grained P3HT:PCBM mixtures will form (as discussed below in Section 7.8).
As observed in the blends containing polystyrene, device performance improved upon thermal
treatment at ≈ 120 oC. Interestingly, blends treated at ≈ 145 oC, i.e. above Tm(HDPE) ≈ 130
oC, displayed a lower Jsc than mixtures treated at ≈ 120
oC, i.e. below Tm(HDPE) (Figure 7.2a).
As can be discerned from the corresponding unpolarised optical micrographs in Figure 7.2b, heat-
treatment above Tm(HDPE) results in very large PCBM crystallites (recognisable from previous
assignments in Chapter 6 and Ref. [17]). Blends heat-treated below Tm(HDPE) display a finer
distribution of PCBM crystallites. Also visible are the HDPE spherulites identified in P3HT:PE
blends in Ref. [8]). The different size of PCBM crystallites found upon annealing above or
below the HDPE melting temperature is likely to be due to the drastically lower viscosity of
polyethylene when molten. In this case the diffusion of PCBM will be faster leading to larger
primary crystals. It was found in Chapters 4 and 6 (and by others [12–16]) that crystal size
and distribution in P3HT:PCBM blends can significantly affect device performance. Since the
blend annealed at 120 oC has the higher Jsc, it therefore appears that the PCBM crystallites
observed after annealing at 145 oC are too large, and may not provide sufficient interface for
charge separation.
The slight reduction in photovoltaic performance of films comprising 40 wt.-% HDPE, as
compared to reference P3HT:PCBM films of the same thickness (≈ 100 nm), can be accounted for
by a reduction in the amount of photo-active material, i.e. P3HT, which is replaced with an inert
polymer. Devices containing thicker active layers (≈ 300 nm) of the same composition yielded
a significantly higher Jsc and power conversion efficiency (see Figure 7.2c), which indicates that
the lower fraction of light-absorbing material can be compensated for by increased thickness.
The results show therefore, that active layers comprising up to 40 - 50 wt.-% HDPE displayed
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a photovoltaic performance, expressed in terms of Jsc, that is comparable to reference devices
based on P3HT and PCBM only (Figure 7.2c). At compositions of approximately 60 wt.-%
HDPE or above (i.e. 20 wt.-% PCBM or less), photovoltaic performance decreases rapidly.
This may be explained by the small-molecular component losing percolation at contents in
agreement with the theoretical limit for percolation of low aspect-ratio entities embedded in a
three dimensional matrix [7].
7.6 Photovoltaic devices based on blends of PCPDTBT, PC71BM
and HDPE
Figure 7.3: (a) Current density - voltage characteristics, J - V, of devices comprising (33:66
PCPDTBT:PC71BM):HDPE mixtures, with weight ratios 100:0, non-annealed (filled circles);
60:40, annealed at 120 oC (unfilled circles); 30:70, annealed at 120 oC (solid line). (b) Short
circuit current density of devices comprising (33:66 PCPDTBT:PC71BM) blended with different
contents of HDPE before (unfilled circles) and after (filled circles) thermal treatment at 120 oC.
We have also made devices with ternary blends containing the electron-donating conjugated
polymer PCPDTBT (introduced in Chapter 5) and PC71BM. This polymer is interesting be-
cause of its potential to create high performing solar cells [18, 19], and because optimisation of
micro-structure in PCPDTBT:PC71BM has been identified as a specific challenge and cannot
be achieved through thermal annealing [18]. Previous reports have found the optimum com-
position of PCPDTBT:PC71BM blends to be in the region 25 - 33 wt.% PCPDTBT [18, 20].
The devices fabricated here are therefore comprised of 33:66 PCPDTBT:PC71BM together with
varying weight fractions of HDPE. Device performance data is shown in Figure 7.3.
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As for the P3HT:PCBM system, device performance is maintained up to a high proportion of
HDPE. J - V characteristics (Figures 7.3a and 7.3b) indicate that Jsc is not appreciably reduced
in the device with 40 wt.-%HDPE after annealing and it is remarkable that an appreciable
photocurrent is maintained in the device containing 70 wt.-% HDPE.
One explanation for this difference with the P3HT:PCBM system is due to the difference in
relative semi-conducting polymer:fullerene ratios. In the case of PCPDTBT:PC71BM, a higher
fullerene content is used. This may enable the fullerene component to maintain a percolating
network when a high HDPE fraction is used.
Also instructive is the fact that device performance improves upon annealing at 120 oC (see
Figure 7.3b). Considering that PCPDTBT:PCBM devices do not usually improve with annealing
[18], this suggests that the improvement in performance is associated with the crystallisation of
HDPE.
7.7 Environmental stability and mechanical robustness of ternary
blends.
Figure 7.4: Normalised open circuit voltage, Voc (a), short circuit current density, Jsc (b) and
power conversion efficiency, η (c), of photovoltaic devices (thickness ≈ 70 nm) containing 0 wt.-%
(open circles) and 40 wt.-% HDPE (full circles) measured at one minute intervals over a period
of several hours under ambient air conditions (unencapsulated) and exposed to an intense light
source (Air Mass Index 1.5, 100 mWcm−2).
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Figure 7.5: 120 µm thick curled tape of composition 60:40 (50:50 P3HT:PC61BM):HDPE.
Produced and photographed by Dr. Christian Muller at ETH Zurich.
Time-dependent J-V measurments of blends of the two semiconducting species with 40 wt.-
% of HDPE seem to show slightly improved environmental stability (Figure 7.4) over a control
device. The device containing 40 wt.% HDPE appears to have a less severe degradation in Jsc
in the initial stages of light exposure. The reason for this apparent stability improvement is
as yet unclear. The thickness of the film (≈ 100 nm) means that HDPE is unlikely to act as
a strong barrier to atmospheric oxidising agents such as oxygen and water vapour. However
some protection may well be provided [21, 22]. An alternative hypothesis is that HDPE acts as
a passivation layer that prevents degradation from the polymer/metal cathode interface [23,24].
To understand this effect fully however, significant further investigation is required.
Figure 7.5 shows a strip of material composed of 50:50 P3HT:PCBM combined with 40 wt.-
% HDPE. The figure shows that even with a minority weight fraction of HDPE, this blend of
materials can exhibit impressive mechanical robustness. Although the thickness of this strip of
material is likely to be too great for useful photovoltaic performance, it indicates that using 40
wt.-% HDPE may well improve the processibilty of organic semiconductor blends for organic
photovoltaic applications.
7.8 Discussion
The above results lead us to propose the following explanation for the effect of an inert polymer
matrix on blend micro-structure and consequent device performance. The recent study of FET
devices comprising binary blends of P3HT and inert polymers [8] found several key factors
required for the efficient percolation of the active material and high performance. Firstly, it was
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claimed that immiscibility (liquid-liquid phase separation in the melt) of P3HT and polyethylene
was an important criteria for percolation of the active species. An eutectic composition, revealed
through DSC analysis, was found at low P3HT concentrations (of a few wt.-%). This composition
marks the limit of liquid-liquid phase separation was found to define the percolation threshold
composition of P3HT. Secondly, further phase segregation as a result of crystallisation of HDPE
into spherulites was shown to be critical to achieving percolation at a low threshold. It was found
that initially P3HT crystalises after the film is cast at high temperature, then crystallisation of
the insulating polymer drives P3HT to the interfaces of the film, allowing a continuous pathway
for charge transport.
The results on tri -component blends presented here can be understood in part through this
analysis. A key difference however, is that we require percolation of both active species in the
vertical direction, rather than the percolation of one material in the lateral direction (parallel
to the substrate) as is necessary in FETs.
We have shown that crystallisation of HDPE is critical in maintaining device performance.
We suggest that the growth of HDPE spherulites (visible in Figure 7.2b) aids the formation of
percolating pathways of P3HT and PCBM through the film. Growth of these HDPE spherulites
may force the active materials into a confined surrounding region. P3HT and PCBM will then
form an eutectic structure (discussed in Chapter 6) within this space which enables charge car-
rier transport through both conjugated species. For some donor:acceptor, bulk-heterojunction
materials that do not self-organise into a desirable micro-structure (unlike P3HT:PCBM), a
semi-crystalline inert polymer matrix may in fact improve overall device performance over the
two-component system by encouraging percolation of the active species. Further work is neces-
sary to show this however.
Additional devices and measurements such as X-Ray diffraction, transmission electron mi-
croscopy (TEM) and charge carrier mobility are required to evaluate this analysis. Nevertheless,
the principle that micro-structure plays a key role in the performance of OPVs based on tri -
component blends seems clear.
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7.9 Conclusions
We have shown that at least 50 wt.-% of a semi-crystalline, inert polymer can be added to
polymer:fullerene blends without significant loss of performance in photovoltaic devices. Critical
to device performance is the crystallinity of the inert polymer which may aid the percolation of
the active species. Such tri -component blends may have several potential benefits for organic
photovoltaic devices, including improved mechanical strength, availability of novel processing
routes, reduced materials cost, and improved environmental stability.
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Chapter 8
The use of alkanedithiols as solvent
additives in polymer:fullerene blend
processing
8.1 Abstract
This chapter attempts to improve understanding of the enhanced photovoltaic performance in
photovoltaic devices based on bulk-heterojunction, polymer:fullerene blends that results from
the addition of alkanedithiols into the processing solvent. In particular blends comprising the
electron donating polymer, PCPDTBT and the electron accepting fullerene derivatives, PCBM
and PC71BM are studied. Transmission X-Ray diffraction and absorption spectroscopy show
that the degree of crystallinity of PCPDTBT, as well as that of PCBM/PC71BM, increases
when 1,8-octanedithiol (ODT) is introduced, although in general PCPDTBT has very slow
crystalisation kinetics. Devices fabricated using a range of blend compositions show that the
optimum composition ratio increases in polymer content upon addition of ODT consistent with
an improvement in the percolation of the PCBM component as a result of polymer crystallisation.
It may be possible to interpret these changes in terms of the phase behaviour of the system.
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8.2 Introduction
This chapter focuses on the effect of alkanedithiols, a class of additives that when incorporated
in small quantities into the processing solvent has a dramatic and beneficial impact on the per-
formance of a variety of spin-coated, polymer:fullerene based bulk heterojunction devices [1].
One system for which alkanedithiols are particularly effective is that of Poly[2,6-(4,4-bis-(2-
ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt 4,7(2,1,3-benzothiadiazole)] (PCPDTBT)
blended with [6,6]-phenyl C61 butyric acid methyl ester (PCBM), or the related C71 based deriva-
tive, PC71BM [2–4] (Figure 8.1). This system is of interest because of the low-band gap nature of
PCPDTBT which has led to the suggestion that were the blend micro-structure of this material
combination to be optimised; the power conversion efficiency could exceed 7% [5].
Figure 8.1: Chemical structures of a) PCPDTBT, b) PC71BM and c) 1,8 octanedithiol (ODT)
Although several publications have studied the action of alkanedithiols on polymer:fullerene
blends, thus far, the underlying process by which performance improves is still not fully under-
stood.
Most of these reports agree, however, that the changes in micro-structure which occur when
ODT is present appear to be critical to the device performance improvement. This is of particular
importance for PCPDTBT:fullerene blends which unlike P3HT (Poly(3-hexylthiophene):fullerene
blends, cannot be optimised in terms of micro-structure upon thermal annealing [5].
Enhancement in device performance has been attributed to a combination of increased crys-
tallinity, and coarsening of phase segregation as shown by absorption spectroscopy, atomic force
microscopy and transmission electron microscopy [2, 3]. Another recent publication correlated
an increase in charge photogeneration with dithiol added, to an increase in the free energy of
charge separation [6].
It has also been established that the development of optimised micro-structure is related to
the solvent evaporation process during and after spin-coating [2–4]. A recent report on the use
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of alkanedithiols in PCPDTBT:PC71BM blends outlined two criteria the additive to influence
micro-structure; (i) higher boiling point than host solvent resulting in slow evaporation after
spin-coating, and (ii) solute selectivity for PCBM [3].
The purpose of this study is to further develop an understanding of what features of micro-
structure are changed, how this process occurs and why the changes lead to improved device
performance, as a means to help identify methods for further improvement in device performance.
8.3 Experimental Details
(i) Materials: PCPDTBT was supplied by Konarka Technologies. PCBM was supplied by
Merck Chemicals, UK. PC71BM was supplied by Solenne BV.
(ii) Sample preparation: Powders of pristine PCPDTBT and blends were produced for thermal
analysis and X-ray characterisation by preparing homogeneous solutions of 10 mg/ml total
material content in chlorobenzene, followed by casting and drying at ambient. Thin films
for ellipsometry were spin-coated (2000 rpm) from homogeneous solutions (30 mg/ml total
material content) in chlorobenzene onto quartz substrates (Spectrosil B, Kaypul Optics).
Photovoltaic devices were fabricated on PEDOT:PSS coated (spin-coated from Baytron
P, H. C. Stark GmbH, and treated at 140 oC for 60 min, thickness ≈ 70 nm) patterned
ITO-coated glass substrates (PsiOTc Ltd., UK). Active layers were spin-coated from ho-
mogeneous solutions of 30 mg/ml total material content in chlorobenzene (thickness ≈
140 nm unless stated otherwise). Aluminium top electrodes were deposited under vac-
uum (thickness ≈ 80 nm). All thermal treatment was carried out under dry nitrogen
atmosphere.
(iii) Thermal analysis: Differential scanning calorimetry (DSC) was conducted under nitrogen
at a scan rate of 10 oC min−1 with a Mettler Toledo DSC822 instrument. The sample
weight was ≈ 10 mg. Melt transition temperatures were taken to be the peak maxima in
the respective thermograms.
(iv) Photovoltaic device characterisation: Current density - voltage characteristics were mea-
sured in nitrogen atmosphere under simulated Air Mass 1.5 illumination using a Keithley
Source Measure Unit. The light source used was a 300 Watt xenon arc lamp solar sim-
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ulator (Oriel Instruments) and the intensity was calibrated using a silicon photo-diode
pre-calibrated at the National Renewable Energy Laboratory (NREL), USA.
(v) Absorption: Absorption spectra were recorded using an ATI Unicam IV UV-vis spec-
trophotometer.
(vi) X-ray diffraction: Transmission wide-angle X-ray scattering (WAXS) was carried out with
an Xcalibur PX instrument (Oxford Diffraction) using MoKα-radiation (λ = 0.07093 nm).
8.4 PCPDTBT crystallinity and the effect of ODT
Figure 8.2: a. DSC thermograms of pristine PCPDTBT b. Thermogravimetric Analysis of
pristine PCPDTBT. c. Integrated transmission X-Ray diffraction spectra of pristine PCPDTBT
before (red line) and after (black line) thermal treatment for one hour at 200 oC under vacuum.
d. Absorption spectra of spin-coated PCPDTBT:PCBM blend films containing various wt.-% of
PCPDTBT as indicated. Spectra are normalised to the PCPDTBT absorption peak intensity.
Firstly, a key observation concerns the degree of crystallinity of PCPDTBT without us-
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ing ODT. Understanding the nature of PCPDTBT crystallisation is important since it shall be
proposed below that PCPDTBT crystallinity plays a significant role in the performance enhance-
ment caused by alkanedithiols. Differential scanning calorimetry (DSC) of pristine PCPDTBT
(Figure 8.2) reveals a crystallisation transition in the first heating thermogram at ≈ 200 oC and
a melt transition at ≈ 330 oC (Figure 8.2b shows that PCPDTBT thermally degrades at ≈
400 oC). The crystallisation transition does not appear to be strong since there is only a very
small solidification signal upon cooling and no re-crystalisation in the second heating. Indeed,
this crystalisation minima is not visible in DSC scans of a different batch of the same polymer
and is therefore not consistent. Transmission X-Ray diffraction shows that annealing at 200 oC
can slightly increase the degree of crystallinity of PCPDTBT although since the change is small
after one hour, the crystallisation kinetics of PCPDTBT appear to be slow (see Figure 8.2c).
Furthermore, loss of definition in the PCPDTBT absorption peaks at ≈ 700 nm in spin-coated
PCPDTBT:PCBM films along with a reduction in the overall width of absorption show that
this small degree of PCPDTBT crystallinity is lost when PCBM is introduced (see Figure 8.2d).
We have observed the effect of adding ODT to solutions of PCPDTBT on its own dissolved
in chlorobenzene. Figure 8.3 shows transmission X-Ray diffraction images of PCPDTBT drop-
cast from chlorobenzene solutions with and without 5 wt.-% ODT mixed in. Figure 8.3 shows a
sharpening of the Debye-Scherrer diffraction rings associated with chain ordering upon addition
of ODT, most likely corresponding to π-π stacking of the polymer backbone.
Figure 8.4 shows absorption spectra of spin-coated PCPDTBT films prepared with and with-
out ODT added to the processing solution. A red-shift of the peaks in the PCPDTBT absorption
spectrum is observed, which can be attributed to excited state delocalisation as a result of en-
hanced ordering and crystallisation. The combination of these data clearly demonstrates that
ODT significantly influences the crystallinity of PCPDTBT, independent of the presence of the
fullerene component.
The precise mechanism of how octanedithiol increases PCPDTBT crystallinity is as yet un-
known. Clearly, as has been suggested by others, the slow evaporation rate of ODT provides
greater kinetic freedom to the polymer chains allowing a longer period of time for molecular
rearrangements [2, 3]. Furthermore, ODT is known to be a poor-solvent for PCPDTBT [3].
Recent spectroscopy measurements found a significant change in the PCPDTBT solution ab-
sorption spectrum when dissolved in ODT compared to chlorobenzene [7]. Combined with the
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Figure 8.3: a. Wide angle transmission X-RAY diffraction images (WAXS) showing powder of
created from drop-casting chlorobenzene solutions containing PCPDTBT without (left panel)
and with (right panel) 25 mg/ml of ODT mixed in. b. Integrated WAXS images showing clearly
the changes in sharpness of diffraction rings.
results presented above, this suggests that ODT may aid nucleation of PCPDTBT crystallites
(through super-saturation) whilst in solution, resulting in a higher degree of polymer crystallinity
in the film once cast. Further investigation is required, however.
Another outstanding question is to what extent ODT remains in the film after it has been
cast. Peet et al found no evidence for the existence of ODT in the film through Fourier Transform
Infra-red spectroscopy (FTIR) [2]. However, a later paper from the same group suggests that
ODT does indeed remain in the film after drying [3]. Here, we find significant circumstantial
evidence for the presence of ODT in spin-coated and dropcast films even after two weeks of
drying under vacuum conditions. Firstly, noise in DSC thermograms beginning at 260 oC (not
shown) of pristine PCPDTBT drop-cast from a 5 wt.-% ODT:chlorobenzene solution after drying
for two weeks under vacuum. This is believed to correspond to the evaporation of ODT when
its boiling point is reached, a proposal that would confirm that ODT remains in the film for
extended periods time. In addition, we also note that films processed with ODT possess a
sulphorous odour associated with the thiol end groups of ODT. We may therefore surmise that
ODT continues to evaporate from such films over time signalling that significant amounts remain
in the film due to its slow evaporation rate.
Given that ODT is apparently present in the film, there is the possibility that ODT plays
a more direct role in the crystallisation of PCPDTBT. ODT may be incorporated within the
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Figure 8.4: Absorption spectra of thin PCPDTBT films spincoated from solutions of chloroben-
zene containing and not containing 25 mg/ml ODT. Spectra are taken under identical conditions
so that absorption intensity can be compared.
PCPDTBT crystal structure as well as/instead of aiding nucleation. The possibility that ODT
polymerises and crystallises itself cannot at this stage be ruled out.
8.5 Effect of ODT on PCPDTBT:fullerene blend micro-structure
Figure 8.5 shows the absorption spectra of films of 1:2 PCPDTBT:PCBM blends processed using
varying amounts of ODT in chlorobenzene. It is clear from the red-shift of the peak at ≈ 750
nm (corresponding to the S0 - S1 PCPDTBT transition) that PCPDTBT crystallinity increases
with the fraction of ODT. We also observe that the peak at ≈ 270 nm corresponding to PCBM
absorption decreases monotonically with ODT concentration. This has been shown to indicate
an increase in PCBM aggregation [8] in P3HT:PCBM blends. Transmission X-Ray diffraction
(GWAX) of PCPDTBT:PC71BM blends (see Figures 8.6b and 8.6c) also shows an increase in
crystallinity of both PCPDTBT and PC71BM upon the introduction of ODT.
8.6 PCPDTBT:fullerene phase behaviour and the effect of ODT
on optimum composition for photovoltaic devices
In order to investigate the effect of the increased order of PCPDTBT in blends with PC71BM
on the photovoltaic performance of these binaries, a series of photovoltaic devices was pre-
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Figure 8.5: Absorption spectra of thin PCPDTBT:PCBM films spin-coated from solutions of
chlorobenzene containing varying amounts of ODT as indicated. Absorption spectra are recorded
under identical conditions to allow comparison of absorption intensity.
pared that incorporated these materials as active layers. The photovoltaic performance - ex-
pressed in terms of the short-circuit current density, Jsc, of a given device- was determined for
PCPDTBT:PC71BM binaries of various compositions (cf. Figure 8.7), prepared with addition
of 1,8-octane dithiol to the processing solvent dichlorobenzene, as well as for reference blends
prepared without additives.
Reference blends processed without 1,8-octane dithiol displayed an optimum composition
(the composition that yielded the highest Jsc), at a polymer content of approximately 20 to 30
% by weight. This is in agreement with the optimum compositions reported for various other
polymer:small molecule binaries that comprise a largely amorphous macromolecular species,
such as for example, mixtures of MDMO-PPV:PCBM [9], low regio-regularity P3HT:PCBM [10]
and polyfluorene based polymers such as APFO:PCBM [11]. It was demonstrated that a high
content of the small-molecule electron-accepting species was required to achieve a balance of
charge transport in the n- and p-type materials through sufficient percolation.
In contrast, devices based on more ordered PCPDTBT:PC71BM blends processed with 1,8-
octane dithiol displayed an improved optimum photovoltaic performance at higher polymer
composition, namely between 30 and 40 % by weight.
This is in agreement with a recent report on the influence of different regio-regularities
of P3HT in P3HT:PCBM, which demonstrated that for binaries comprising a semi-crystalline
conjugated polymer an improved optimum device performance can be found at compositions
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Figure 8.6: Wide angle transmission X-ray diffraction image (a) and integrated spectrum (b) of
powdered PCPDTBT and PC71BM processed together from chlorobenzene solution and with
and without 25 mg/ml (5 wt.-%) ODT.
different to those commonly encountered for systems based on a largely amorphous conjugated
polymer. Specifically, the optimum composition was found to be 56 wt.-% for regio-regular
P3HT whereas it was 25 wt.-% regio-random P3HT [10].
It is possible that the improved performance of more ordered PCPDTBT:PCBM binaries
may eventually be explained on the basis of a similar structure-related argument as that es-
tablished in Chapter 6 for (hypo-)eutectic binaries of (semi-)crystalline-crystalline components
comprising poly(3-alkylthiophene)s and either of PCBM or PC71BM respectively. Since an eu-
tectic structure is defined by the melting temperatures of two species, only crystalline portions
of a material contribute to the formation of the eutectic structure. Therefore as the degree
of crystallinity increases, the greater the extent to which an eutectic structure is formed. The
ability of polymer chains to expel PCBM during crystllisation and thereby improve PCBM per-
colation, may also play a role here. As was proposed for the P3BT:PCBM and P3DDT:PCBM
blends in Chapter 6, the lower degree of polymer crystallinity compared to P3HT results in a
reduced tendency to expel the small molecular species, which leads to less pronounced PCBM
segregation at any given ∆c (c − c0) than in blends containing the more crystalline P3HT. As
a result, when a less crystalline polymer is used, more PCBM must be added to the system to
ensure PCBM percolation.
Since ODT makes PCPDTBT more crystalline, this explains why coptimum increases in poly-
168
Figure 8.7: Dependence of short-circuit current density, Jsc, (under simulated solar illumination
Air Mass 1.5, 71 mW/cm2) on PCPDTBT/PC71BM blend composition after spin-casting from
solutions containing 5 wt.-% ODT (filled circles) and without ODT (unfilled circles). In accor-
dance with previous reports, Jsc is optimized after annealing at blend compositions comprising
≈ 25 wt.% of the polymer without ODT present and ≈ 33 wt.-% with ODT. Devices measured
by Amy Ballantyne.
mer content when ODT is present. This would lead to improved overall performance due to
enhancement in electron mobility through PCBM percolation.
Measurements of the phase-diagram of PCPDTBT and PCBM binaries (not shown) proved
inconclusive due to the low degree of crystallinity in PCPDTBT meaning that melt transitions
are indistinct. However, the existence of eutectic behaviour was in no way ruled out.
A recent study of the effect of ODT on PCPDTBT:PCBM blends showed that hole mobility
does not improve, and even decreases, when ODT is present whilst electron mobility increases
two-fold [4]. This was attributed to an improvement in PCBM percolation with ODT, consistent
with the argument presented here.
8.7 Conclusions
In conclusion, we have presented a description of the process by which ODT enhances micro-
structure during drying of PCPDTBT:PCBM blend films. We believe that our results show the
importance of the increase in polymer crystallinity induced by ODT as shown by absorption
spectroscopy and transmission X-Ray diffraction. As a result, the photovoltaic performance of
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devices based on these blends was significantly improved and found at a higher fraction of the
polymer than observed for less ordered binaries.
These observations together lead us to tentatively propose that the effect of ODT on mi-
crostructure is as follows. As crystallisation of the polymer induced by the presence of ODT,
takes place, PCBM is expelled from regions of polymer crystallinity. This process is aided by
the fact that the PCBM remains dissolved in ODT. The result is an enhanced degree of PCBM
crystallisation and phase segregation leading to an improved percolation of the PCBM network.
It is also possible that formation of an eutectic structure occurs when ODT is present, although
further study will be required to confirm this picture. It is hoped that this proposal will enable
further improvements to micro-structure in other polymer:fullerene blends.
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Chapter 9
Conclusions
9.1 Key findings
Here we summarise some of the main conclusions that can be drawn from this thesis:
• Chapter 4 made use of vapour annealing to show evidence for an excimeric origin of the
green emission band observed in degraded polyfluorene. The effect of vapour annealing
was also compared and contrasted with the effect of thermal annealing on P3HT:PCBM
blends for solar cells which allowed us to infer the important role of PCBM aggregation
in device performance.
• Chapter 5 made use of a novel fabrication technique to produce planar heterojunction
structures rather than bulk heterojunction blends for organic solar cells. It was found
that intermixing of the two layers, thus leading to a blend with a vertical concentration
gradient, was crucial to obtaining good device performance. We also showed that this
method can be used to estimate the exciton diffusion lengths in both the upper and lower
layers.
• Chapter 6 presented the phase diagrams for a range of polymer:small molecule, donor:acceptor
blends used in organic solar cells. It was found that many material combinations, including
the successful P3HT:PCBM system, are eutectic. This allows a powerful tool for predicting
the range of micro-structures that may formed with varying blend compositions. Optimum
composition was found to coincide with a slightly hypo-eutectic composition since this re-
sults in a finely interspersed arrangement of the two components. The phase diagram was
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also used to explain composition dependence and performance in other systems. Notably,
the importance of crystallinity in both the polymeric and small molecule components is
identified.
• Chapter 7 is a study of how adding a third, inert polymer component to binary poly-
meric:small molecule systems can influence micro-structure. We find that surprisingly high
proportions of inert material (> 50 wt.-%) can be added to the blend without significant
degradation in device performance. Critical to this behaviour however, is the crystallinity
of the inert polymer. We propose that crystallites of the inert polymer permit and perhaps
even aid the formation of percolation pathways of the active species through the film.
• In Chapter 8 we examined the use of additives in the processing solutions for poly-
mer:fullerene blends. In particular, we looked at the addition of octane-dithiol in chloroben-
zene solutions of PCPDTBT and fullerene. We identify that the action of octane-dithiol
in aiding crystallisation of the polymer component is important to its beneficial effect on
micro-structure for organic solar cells.
9.2 Future Work
Whilst this thesis has made some insights into the relationship between micro-structure and
photophysics in organic semiconductor devices, it opens several avenues for further investigation
and possible device improvements.
• There are many avenues for further study regarding the planar heterojunctions described
in Chapter 5. The stamp transfer technique employed for the fabrication of planar hetero-
junctions may be used to fabricate a range of device structures using a range of materials.
Optimisation of layer thicknesses and the screening of a wide range donor and acceptor
materials would be interesting in regard to both solar cells and photo-detectors. Other de-
vice structures may also be explored such as structures with more than two layers, perhaps
including some mixed planar and bulk-heterojunctions.
• In regard to the work on the phase behaviour of bulk-heterojunction blends in Chapter 6,
it would be interesting to extend the study to other systems that do not consist of poly-
mer:small molecule blends such as polymer:polymer blends. Whilst discussed briefly, we
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have so far not attempted to find the phase diagram for such systems. Another interesting
topic would be to try and predict the existence of eutectic behaviour in a binary system
based on the chemical structure of the constituents. This may enable informed design
of new material combinations that have both good electrical characteristics and lead to
eutectic behaviour.
• The study of tri-component systems comprising inert polymers discussed in Chapter 7
should really be extended to explore other material combinations and compositions. It may
be possible to use the inert polymer component to in fact improve device performance over
the performance of the binary blend of the two active species. It would also be insightful
to perform a range of measurements to help determine the microstructre within the tri-
component blend such as atomic force microscopy and transmission electron microscopy.
Combined with measurements of charge carrier mobility these would help to determine the
role of the inert polymer in affecting the percolation of the two active species. Another
are of interest may be in developing new processing techniques or applications that utilise
the robustness imparted to the tri-component blend by the inert polymer.
• The study of alkane dithiols in Chapter 8 requires further investigation in two key areas.
The first is to examine the role of ODT in helping PCPDTBT to crystallise. This would
involve studying the properties of ODT itself, to determine if it crystallises or polymerises
for example, and looking closely at the changes in crystal structure of PCPDTBT to
determine if ODT is involved in the packing of PCPDTBT chains. The second area to
look at is in the effect of ODT on the phase behaviour. It would be interesting to look
at changes in the phase behaviour of PCPDTBT:PCBM upon addition of ODT although
this is complicated due to the fact that ODT remains in the film. By finding new ways to
accelerate the evaporation of ODT or by ensuring that a small but equal amount of ODT
is present in all samples, it may be possible evade this issue.
9.3 Outlook
It is hoped that the conclusions outlined above will aid the improvement of organic semiconductor
based devices through better informed design of novel processing techniques and materials.
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Micro-structure is a critical issue for the development of organic photovoltaic devices as a viable
source of alternative energy. Understanding and finding ways to control micro-structure will
hopefully lead to more efficient organic solar cells and accelerate the development of large scale
manufacturing.
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